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Remarks 



Rejection Under 35 U.S.C § 112, first paragraph 
Claims 7-12 and 15-25 were rejected under 35 U.S.C. § 112, first paragraph, as not being 

enabled. AppUcants respectfully traverse this rejection to the extent that it is applied to the 

claims as amended. 

The Legal Standard 

The test of enablement is whether one of ordinary skill in the art could make and use the 
claimed invention fixjm the disclosures in the patent coupled with information known in the art 
without undue experimentation. United States v. re/ertron/cs, Znc, 857 F.2d 778, SU.S.P.Q.2d 
1217 (Fed. Cir. 1988); In re Stephens, 529 F.2d 1343, 199 U.S.P.Q. 659 (C.C.PA. 1976). A 
patent need not teach, and preferably omits, what is weU known in the art. In re Buchner, 929 
F.2d 660. 661, 18 U.S.P.Q.2d 13321, 1332 (Fed. Cir. 1991); Spectra-Physics, Inc. v. Coherent, 
Inc., 827 F,2d 1524, 3 U.S.P.Q.2d 1737 (Fed. Cir. 1987). The fact that experimentation maybe 
complex does not necessarily make it undue, if the art typically engages in such experimentation 
(M/.r. V. A.B. Fortia, 774 F2d 1 104 (Fed. Qr, 1985)). 

Whether undue experimentation is needed is not based upon a single factor, it is a 
conclusion reached by weighing many factors. These factors have been summarized in/« re 
Wands. 858 F.2d 731, 8 U.S.P.Q.2d 1400 (Fed. Cir- 1988) and include, but are not limited to: 

(1) The quantity of experimentation necessary (time and expense); 

(2) The amount of direction or guidance presented; 
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(3) The presence or absence of working examples of the invention; 

(4) The nature of the invention; 

(5) The state of the prior art; 

(6) The relative skill of those in the ar^ 

(7) The predictabiUty or unpredictability of the art; and 

(8) The breadth of the claims. 

The M.P.E J. explains that "[i]t is improper to conclude lhat a disclosure is not enabling 
based on an analysis of only one of the above factors while ignoring one or more of the others." 
Thus, a conclusion of nonenablement must be based on the evidence as a whole, as related to 
each of these factors (see M.P.E.P. § 2164.01 (a)). 

The fact that some experimentation is necessary does not preclude enablement; what is 
required is that the amount of experimentation "must not be unduly extensive." Atlas Powder 
Co., V. E.L DuPont De Nemours & Co., 750 F.2d 1569, 1576, 224 USPQ 409. 413 (Fed. 
Cir.1984). There is no requirement for examples. 
Claims 7-12 and 15-25 are enabled 

Claims 7-12 and 15-25 were rejected under 35 U.S.C. § 112, first paragraph for not being 
enabled for (1) in vivo methods for targeted recombination in which the iriple-helix-fonning 
oligonucleotide (TFO) has a Kd of more than 2 x lO"' (2) targeted recombination in vivo or 
methods in which targeted recombination produces heritable changes in the genome of an intact 
animal or human. 
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(1) Claims 7 and 15 have been amended as the examiner has suggested to lurther define 
methods for targeted recombination in which the TFO has a Kd of 2 x lO"^ or less. Ihereforei 
the claims as ainaided are enabled by the specification. 

(2) Claim 1 5 has been amended to further define the method of claim 7 to produce 
changes in the genome of an intact human or animal further containing tiie steps of injecting ftie 
oligonucleotide into an intact human or animal having a sequence that forms a triple-stranded 
nucleic acid molecule with the target sequence located in the genome of the intact human or 
animal, wherein the oUgonucleotidc binds to the targeted sequence with a Kd of less lhan or 
equal to 2 X 10'^ and mutates the target sequence. The examiner at page 8, lines 3-5 of the office 
action, states lhat the specification discloses that in mice (m vivo) mutagenesis was observed in 
liver, skin, kidney, colon, small intestine, and lung cells at a fi^iuency five fold that of 
background (Example 7). In addition. Example 1 at pages 15-27 describes targeted mutagenesis 
by TFOs in vivo of monkey COS cells, patient derived XPA ceUs, patient-derived XPV ceUs, and 
normal human fibroblasts. While, as stated above, no examples arc required, the specification 
clearly enables the method of targeted recombination to produce changes in the genome of an 
intact human or animal. See also the more recent papers by the applicant that fiirther 
demonstrate that TFOs can produce inheritable changes in intact animals and animal cells, 
which, even though these occur at a very low frequency, are sufficient to treat disease. See, for 
example, Faruqi, et al., Mol. Cell. Biol. 20(3): 990- 1000 (2000); Seidman and Glazer. J. Clin. 
Invest. 112(4):487^94 (2003); and Luo, et al.,Proc. Natl. Acad. ScL USA 97(16):9003-9008 
(2000). It is important to note that although the examiner's recognize that deUvery is an issue, it 
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is also established that it is not insunnoxmtable and evidence shows that it is possible to practice 
the claimed methods. 

In contrast to the examiner's statements, the key finding of Wang Mol. Cellular BioL 
15(3):1759-1768, 1767 (1995)) is that the binding affinity of TFO's to the target site ,as measured 
in vitro, was highly correlated with their intracellular activity. This work showed that psoral^ 
conjugated TFOs transfected into monkey COS cells can induce base pair-specific mutations 
within the supF mutation reported gene in a simian virus 40 (S V 40) genome in these cells. 
Chan, J. Biol. Chem. 274:11541-11548 (1999) discloses that tethered donor-TFOs (TD-TFOs) 
mediate targeted sequence alterations witliin a SV40 shuttle vector in mammalian cells. They 
observed ^uccessfixl reversion of the supF target gene after in vitro co-incubation of tlie target 
vector with the TD-TFOs and also after an in vivo protocol m which cells already containing flie 
shuttle vector were transfected with the oligonucleotides (p. 1 1547). Barre Proc. Natl. Acad. Sci. 
97; 3084-3088 (2000) discloses at page 8 that the results of their work demonstrate without 
ambiguity that TFOs are capable of modifying an endogenous target gene. While Seddman J. 
Chn. Invest. 112: 487-494 (2003) discloses that there are obstacles to TFO activity, Seidman also 
describes several in vivo studies demonstrating the ability of TFOs to mduce targeted 
recombination (p. 490-491). In summary, the specification discloses that in mice (in vivo) 
mutag^esis was observed in liver, skin, kidney, colon, small intestine, and Ixing cells at a 
frequency five fold that of background following iigection of a TFO (AG30) (Example 7) and • 
discloses targeted mutagenesis by TFOs in vivo of monkey COS cells, patient derived XPA cells, 
patient-derived XPV cells, and normal human fibroblasts (Example 1). One does not have to do 
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breeding studies to show iDtheritance. Inheritance can be shown by replication of modified cdK 
wherein the progeny cells also show the modification/ See the attached definitions of inheritable 
C*This is the "internally coded, inheritable information" carried by all Uving organisms. This 
stored information is used as a "blueprint" or set of instructions for building and maintaining a 
hving creature. These instructions are found within ahnost all cells (the "internal" part), they are 
writtoa in a coded language (the genetic code), they are copied at the time of cell division or 
reproduction and are passed from one generation to the next ("inheritable")- These instructioBS 
are intimately involved with all aspects of the life of a cell or an organism. They control 
everything from the formation of protein macromolecoles, to the regulation of metabolism and 
synthesis/*)* Subsequent papers provide further support for the statements and methods 
described in the application, and evidence that low frequency recombination is sufficient for 
efficacy. The fact that some experimentation is required does not mean that the claims are not 
enabled. Therefore, the claims as amended are enabled by the specification. 

Rejectiofi Under 35 U.S.C. § 112, second paragraph 
A. Claims 7-12 and 15-25 were rqected under 35 U.S.C. § 112, second paragraph, as 
indefinite for allegedly not defining the steps of providing a single-stranded molecule and 
providing a donor nucleic acid resulting in targeted recombination. AppUcants respectfully 
traverse this rejection to the extent that it is applied to the claims as amended. 

Claim 7 has been amended to further define the method for targeted recombination of a 
nucleic acid molecule as containing the steps of (1) providing a single-stranded oligonucleotide 
having a sequence that forms a triple-stranded nucldc acid molecule by hybridizing with a 
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target sequence double^stranded nucleic acid molecule with a Kd of less than or equal to 2 x 10- 
7, and (2) providing a donor nucleic acid such that recombination of the donor nucleic acid 
into the target sequence is induced by triple helix formation between the single-stranded 
oligonucleotide and the dottble-stranded nucleic acid molecule. Support for this amendment 
can be found in the specification at least at pa^e 7, lines 12-1 8. Claim 7 as amended defines that 
the triplex formation between the single-stranded oligonucleotide and the target sequence 
double-stranded nucleic acid molecule stimulates recombination of a donor nucleic acid into the 
target sequence. It should be noted that the only steps performed by a person are providing the 
oligonucleotides and the target The oligonucleotides by definition hybridize and effect the 
modification. Therefore, claims 7-12 and 15-25 as amended are not indefinite. 

B. Qaims 9, 12, and 25 were rejected under 35 U.S.C § 112, second paragraph, as 
indefinite. ApphcantsrespectfiiUytravCTseftis rejection to the extent tiiat it is applied to the 

claims as amended. 

Claims 9, 12, and 25 have been amended to correct antecedent basis. These claims as 
amended recite a "donor nucleic acid" as recited in the claims upon which claims 9, 12, and 25 
depend. Therefore, claims 9, 12, and 25 as amended are not indefinite. 

C. Claims 15-24 were rejected under 35 U.S.C. § 1 12, second paragraph, as being 
indefinite. Apphcants respectfiiUy traverse this rejection to the extent that it is applied to the 
claims as amended. 

Claim 15 has been amended to fhrther define the method of claim 7 to produce changes 
in the genome of an intact human or animal fhrther containing the steps of administering the 

10 
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oUgonucleotide into an intact human or animal haying a sequence that forms a triple-stranded 
nucleic acid molecule tvith the target sequence located in the genome of the intact human or 
animal, wherein the oligonucleotide binds to tlie targeted sequence with a Kd of less than or 
equal to 2 x 10"', and mutates the target sequence. Claim 15 as amended defines the relationship 
between the oUgonucleotide of claim 7 and the oligonucleotide of claim 15. Claim 1 5 as 
amended claiifies what the oligonucleotide is injected into and refers to the target sequence as 
recited in claim 7, Finally, claims 15-24 as amended further define the method of targeted 
recombination as defined by claim 7 by administering the oligonucleotide into an intact human 
or animal such that the oligonucleotide mutates the target sequence. Therefore, claims 15-24 as 

amended are not indefinite. 

D. Claims 19 and 20 were rejected under 35 U.S.C § 1 12, second paragraph, as being 

indefinite for use of the term "DNA firagment". Applicants respectfblly traverse this rejection to 

the extent that it is ^lied to the claims as amended. 

Claims 19 and 20 have been amended to recite the tenn "donor nucleic acid" as recited in 

the claims upon which claims 19 and 20 depend. Therefore, claims 19 and 20 are not indefinite. 

Priority 

Thepresentapplicationisacontinuation-in-partofU.S,S.N. 09/411.291 filedon October 
4, 1999. which is a divisional of U.S.S.N. 08/476,712 filed on June 7, 1995. page 1. paragraph 1. 
U.S.S.N. 09/41 1.291, which issued as U.S. Patent No. 6,303,376 ("the '376 patent"), and 
U.S.S.N. 08/476,712, which issued as U.S. Patent No. 5,962,426 ("the '426 patent"), provide 

support under 35 U.S.C 120 for the claims of flie present appUcation. 

11 vum 
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The discussion that follows refers to the '376 patent. The disclosure of the '376 patesil 
and the '426 patent is the sa»ie since the 1999 applicatioii which issued as the '376 patent is a 
divisional of the 1995 application which issued as the '426 patent and contains no new subject 
matter. (1) The claims define methods of targeted recombinatioD using a TFO in combination 
with a tethered or unhnked donor nucleic acid. The '376 patent discloses at column 3, lines M 
that **the binding of the oligonucleotide to the target region stimulates mutations within or 
adj acent to the target region using cellular DNA synthesis, recombination, and repair 
mechanisms." The '376 patent also discloses that TFO's are particularly usefUl as a tool to cause 
targeted mutagenesis. Those of ordinary skill in the art will recognize that muUgenesis can be 
caused by recombination. Therefore, targeted mutagenesis includes targeted recombination. 
Furthermore, the '376 patent discloses at column 3, hnes 49-56, that TFOs can be used to 
stimulate recombination of a DNA fragment into a target region, but does not distinguish 
between whether the DNA fragment is linked or unlinked. However, at column 1 to column 2. 
the '376 patent discloses methods of use of TFOs alone of linked to reactive moieties. The '376 
patent also discloses at column 6, lines 40-58, that TTOs can be used to stimulate recombination 
of a DNA firagment administered in combination with the TFO into a target region. Furthermore 
the '376 patent discloses at column 6, lines 31-39, that the TFOs can be used alone or in 
combination and gives as an example a psoralen-Iinked oligonucleotide. Therefore, the '376 
patent discloses that TFOs can be used to stimulate recombination administered in combination 
with a DNA fragment, the '376 patent discloses that the TFOs can be used alone or in 
combination, and the '376 patent discloses that TFOs can be Unked to reactive moieties. It 
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would be obvious to one of skiU in the art that the DNA fragment could be unlinked or linked to 
the TFO. Therefore, the claims as amended of the present application are supported by the 
discloffure of the *376 and *426 patents. 

(2) The claims define a TFO with a Kd of 2 x 10"'' or less. Support for these claims can 
be found in the '376 patent at least at column 5, lines 3-4, and at column 9, lines 25-56, and at 
Table 1 . Therefore, the claims as amended of the present 2^)plication are supported by the 
disclosure of the *376 and '426 patents. 

(3) The claims further define the method for targeted recombination as defined by claim 7 
to produce changes in the genome of an intact human or animal that contains the steps of 
injectmg the oligonucleotide into an intact human or animal that binds to the target sequence and 
mutates the target sequence. The '376 patent describes methods of producing changes in the 
genome of a human or animal in the specification at least at column 2, Mnes 1 1-59, and at column 
2, lines 6^1, respectively. Furthermore, the '376 patent discloses at least at column 5, lines 49- 
58, that the oligonucleotides are preferably injected into mammals. As mentioned above, the 
'376 patent discloses at least at column 3, lines 49-56, and again at column 6, lines 40-58, 
methods in which the TFOs can be used to stimulate homologous recombination of a DNA 
firagment into a target region. Therefore, the claims of the preset application are supported by 
the disclosures of the *376 and *426 patents. 

The present application differs firom the earlier filed application primarily by virture of 
the examples. Example 1, which is found in the '376 and *426 patents as well as the present 
appUcation, specifically describes targeted mutagenesis by TFOs inyivo of monkey COS cells, 
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patient derived XPA cells, patient derived XPV cells, and nonnal human fibroblasts. The 
remaimiig examples, 2 through 8, found only in the present application, support the findings 
disclosed in example 1, Example 2 describes the ability of TFOs to promote recombination in 
human cell-free extracts. Examples 3, 4, and 5 describe the role of recombination and repair 
proteins in the pathway of TFO induced recombixxation. Example 6 describes targeted 
mutagenesis by TFOs at genoniic sites in somatic cells of adult mice. Example 7 describes 
heritable changes produced by TFO induced recombination in adult mice. Example 8 describes 
that induced mutagenesis is specifically bit)ught about through triple-helix formation. 

It should also be noted that these examples were submitted in the prosecution of the 
parent application in the form of a 132 declaration by the applicant, in order to overcome very 
similar 1 12 rqections. It was clearly made of record in the prior prosecuted application that the 
examples were supportive of disclosure; not adding new subject matter. 

Therefore, the claims of the present application are supported by the disclosures of the 
'376 and *426 patents. 

Rejections Vnder 35 U.S.C. § 102 and 103 
Claims 7-12, 15-21, 23-25 were rejected under 35 U.S.C. § 102(b) as being anticipated 
by Chan, et aL> ("Chan") J. Biol. Chetn. 274: 1 1541-1 1548 (1999)). Claim 22 was rejected 
under 35 U.S.C. § 103(a) as being unpatentable over Chan et al.. Apphcants respectfully 
traverse these rejections to the extent that it is applied to the claims as amended. 
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As discussed above, the present application is entitled to a priority date of 1995. This 
application is fnlly entitled to priority under 35 U.S.C. 120 for the claimed subject matter. 
Therefore, Chan is not available as prior art. 

Double Patenting Rejection 

Claims 7, 8, 10-12, 15-21, 23, and 24 were rejected under the judicially created doctrine 
of obviousness-type double patenting as being unpatentable over claims 1-34 of U.S. Patent No. 
5,776,744 to Glazer et al ("Glazer")- Claims 9, 22, and 25 were rejected under the doctrine of 
obviousness-type double patenting over claims 1-34 of Glazer in combination with Chan. 

U.S. Patent No. 5,776,744 expired on July 8, 2002 for feilure to pay the maintenance fee. 
A copy of the patent bibliographic data as listed by the U.S, P.T.O. is enclosed for your 
convenience. Therefore, this rejection is moot 

Allowance of claims 7-12 and 15-25 as amended is respectfully solicited. 




Date: March 1,2005 

PABST PATENT GROUP LLP 

400 Colony Square, Suite 1200 
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Atlanta, Georgia 30361 
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Genotype and Phenot>pe 



Definition 





the outward physical manifestation of 
internally coded, inheritable, information. 



There are two parts to this definition ... 

^^^^^^^^^ Tliis is the "outvward, physical manifestation" of the organism. 
These are the physical parts, the sum of the atoms, molecules, maCTomolecules, 
cells, structures, metabolism, energy utilization, tissues, o^gans^flexes 
lihaViors; anything that is part of the observable structure, function or behavior 
of a Uving organism. 



This is the "internally coded, inheritable information" carried by 
all living organisms. This stored information is used as a "blueprint" or set of 
tasSns for buUding and mamtaining a living creature. Tliese mstructions are 
W within ahnost all cells (tiie "internal" part), they are ^tten m a coded 
language (the genetic code), they are copied at Ihe time of ceU division or 
^redaction id are passed from one generation to tiie next ("i^entable' ). These 
SSS ar^mtirnktely mvolved ^th all aspects of the Ufe of a cell or an 
S^sJSIrhey control everything from the formation of ptotem macromolccules. 
to the regulation of metabolism and synthesis. 



ScieMe .ata..Distance 



Retnm to : 

- BMo^aUnfpnaation — Genotypejndihenot)^ 



Science at a Distance 

© 1997, 1998, 1999, 2000 Professor John Blamire 
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English Dictionary Computer Dictionary Thesaurus Dream Dictionary MedicaJ Wctiona 
Search Dlctioaary: jinheHtable 

Meaning of INHERITABLE 



Pronunciation; in'heritubul 
WordNet Dictionary 

Definitions [adj] that can be inherited; "inheritable traits such as eye color"; "an inheritable title- 
Websites: ^ &y G00C0609 le 

Dictionary 1 l ih edition. Get It Free at Free Gift Worid. 

Dicii Q paiy Thesaurus 

Discount Dictionary Thesaurus. Check out the deals nowl aff 

Free Memam Websters Collegiate Offer Expires Today! 

5-MinLite Consults. Dictionaries Drtjg Interaction Facts Anywhere! 
v/vvw.eGenerait^ed1c8l.com 

Synonyms: ancestral, familial, genetic, hereditary, heritable, inherited, inheriting, nnonogenic, nee, patrim 
polygenic; transmissible, transmitted 



Antonyms: nonheritable, noninheritable 



Webster's 1913 Dictionary 
Definition: ^.^*terME*a*bio\, e 



1? Capable of being inherited; transmissible or desccndible; 
33, an inheritable estate or title. — Blockstone. 

2. Capable of being transmitted from paront to child; as, 
inheritable quaXir.ies or infirmities. 
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3. fcf. OF. oiihoritablOr inheritafclo. 1 Capabie of taking by 
inheritance, or of receiving cy descent; capable of 
succeeding to, as an heir, 

3y attainder , - - the blood of the person attainted 
is do corrupted as to be rendered no longer 
iTih«ritat.lo. — aiackstone. 

The eldest daughter of the king is also alone 
InhoritablQ to the crown on failure of issue male. 

"—Blacks tone . 

(Inheritable blood), blood or relationship by which a person 
becomes qualified tO be an heir, or to transmit 
possessions by inheritance. 
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High-frequency intrachromosomai gene conversion 
induced by triplex-forming oligonucleotides 
microinjected into mouse cells 

Zbongjun Luo, Margaret A. MacHs, A. Fawad Faruqi. and Peter M. Glazer* 

Departments of n.erapeutic lUdloIogy and Genetic YdIe UnSversity School of Medicines. P.O. Box 20B040, New Hav^. CT 0652t>-aMO 
Edited by Charies M. Adding. Y«le University School of Medicine. New Haven. CT, and approved June 5, 2000 (received for review January 6, 20aQ) 



To test the abilKy of triple helix-forming ofigonudeotides CTFOs) to 
promotfe recombination cbrontMomal sites in mammatian 

cells, a mouse L7K- cell Iln6 was established catrying two mutant 
copies of the herpes simplex virus thymidine Wnase CTK) gehe as direct 
repeats in a single chromosonial locus. Recombinsaftion between the*e 
repeats can producer function^ TK gene and occurs at a spontaneous 
frequency of 4 x lO""* under standard OJJture conditions. When cells 
were mkroinjected with TFOs designed to hind t» a 30-bp polypurine 
site situated between the two TK geftes, recombination was observed 
at frequendes in the range of 1 2,500-fold above the background- 
Recombination was induced effldently by Injection of both psoralert- 
conjugated TFOs (foltowed by long-wave UVA light ^:z%) and 
unconjugated TFOs alone (1.0%). Comrol oligomers of scrambled 
sequence but identical base composition were ineffe^ve, and no 
TFO-induced recombination was seen in a control LTK" celi line 
carrying an othenwSe identical dual TK gene tonstmct lacking the 
30^p polypurine target site* TFOs transfected wHh catlonic lipids also 
Induced recombinants in a highly sequence-spedflc manner but were 
less effective, with induced recomWnaiion f requendes of 6- to 7-foId 
over background. Examination of the TFO-induced recombinants by 
genomic Southern blotting revealed gene conversion events in which 
both TK genes were retained, but either the upstream (57%) or the 
downstream gene (43%) was corrected to wiW type- These resuhs 
suggest that with effident Intracelhilar deliveiy, TFOs may be effec- 
tive tools to promote site-specific recombination and targeted mod- 
ification of chromosomal lod. 

gene lergeting | recombination \ thymidine kinase 

Genelic manipdaiioii of mammalian cells has been a tn^or 
research tool Gene traixsfer m<tthods coupled with techniques 
[o select for cdls in culrure that have undersonc siie-«pecific 
homologous recombination have fadlitated specific gene rcplacfr- 
menl and enabled the development of senetically altered «knDCic- 
out" twice (1). These selection methods improve the apparent 
cmdency of gene taigeling but do so by eliminating clones ansmg 
from T)onhom<^ogou5 events. They do noi alter the obsohite 
frequency of homologous Tecombinwion, which is typically low m 
mammalian cells in gene transfer ejqperimenis (2). This low fre- 
quency of homologous recombinailon limits the c^rtension 01 this 
technology to gene therapy, and therefore efforU have been made 
to improve the efficiency of gene targeting. 

A scries of studies have focused on modification of the reopieat 
chromoson^al site to creaie a sutetrate pironc to homdogous 
recombination. The aie-spedfic endonucleasc l-Sce] can induce 
double-strand breaks (DSBs) within both extrachromosoraaJ and 
diitsmosomal DNA loci engineered to carry the rare 18-bp recog- 
nition site (3). Such targeted DSBs have been shown to boost 
svibstantiaUy the frequencj' of intramolecular and intermolecular 
rccombinadon in mamroalian ce«5 and also in Xenopus oocytes 
(4-8). However, this approach requires the prior mtroducuon of 
the recognition site within the genortie. ^ „ , ^ „ , 

In ad^tion to DSBs. DNA damage from UV light, alkylating 
acents, and pholoreactive molecules sudi as psoralen has been 
shown CO be rccombinagenic (9-11) but in a non-site^spcafic way. 



However, in previous work, we found diat sitc-spedTic DNA 
damage conid be introduced in mammalian cells by takiog advaa- 
tage of the sequence spedfidty of oligonucleoddc-rocdiatcd triple 
heltx formation (12^15). Triplex DNA can be formed when oligo- 
nucleotides bind in the major groove of the double he^ in a 
sequence-dependent manner at polypurlnc/polypyiiroidinc 
stretches in duplex DNA (reviewed in rcf. 16). Tlie spedfidty arises 
from ibe base triplets formeU by eidicr Hoo&stecn or revetse- 
Hoogsteen hydrogen bonding between the tbiitl strand and die 
purine strand of the duplex. In previous studies, we demonstrated 
that psoi-alen^conjugated triplex-forming oligonucleotides (TFOs) 
could mediate the inttoduction of base pair-spedEc psoralen ad- 
ducts (and consequently muialions) in mammaUan cdls (12). 

Using this strategy, we found that triple lielbt-targctcd psoralen 
photoadducis could induce recombination within^ a simian virus 
40-based shutdc vcsctor carrying two mutant copies of the supF 
reporter gene (17). In addition, prompted by data showing that 
intennolccular triple helJx formation, even m the absence of 
covalent DNA damage, could provoke DNA repah- (13). we also 
tested the ability of non-psoralcn-cojojugatcd TFOs to induce 
recombination in the cpisomal simian virus 40 larget We found 
that ihirti strands capable of high-affinity binding to the taigfet DNA 
were able to stimulate recombination in a pathway that depended 
on nucleotide eixcision repair (NER; ref. 18). 

These results raised the possibility thai high-affinity TFOs, with 
or without an associated DNA reactive conjugate, might serve as 
tods lo sensitize a dwmosomal site to recombinadoiv To inves- 
tigate the fcafflbility of such an approach, wc established a mouse 
LTK~ cell line canning two mutant copies of the herpes simplex 
virus tbyinidine kinase (TK) gene os direct repeats in a single 
chromosomal locus- In Oris construct, recombination can be de- 
tected by reconstruction of a functional TK gene. Using a scries of 
oligonudeoddes, we performed e^tperimeuts sliowing that lugb- 
affinity TPOs, with or wilhoul psoralen, are capable of stimulating 
recombmaUon between the tandem TK genes. Expcrimcnta in 
which oligonudeotides were transfected into cells by aationic lipids 
demonstrated diat the induced recombination depended on the 
spedfidty of the TFO for the target locus but yielded modest levels 
of induction. Lo contrast, intranudear delivery of TFOs by direct 
microinjection produced recombinants at frcquendcs greater than 
1%, 2^00- to 3,000-fold over background and in die i^nge of the 
best results in model systems employing l-5ccT for DSB generation. 
Analysis of the TFO-induced recombinant clones was consistent 
with a pathway of homology-directed gene conversion. The results 
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suagest thai, with effective dcUvery, TFOs oiu be potent agcntii for 
promoting liomologon^ recombination at targeted chromosomnJ 
sites. 

Materials and Methods 

Oligonucleotides. Uncorjugaied and psoralcn-linked oligonucle- 
otides were synthesized by the Keck Facility at Yale University 
by using standard phosphoramidite chemistry and materials 
from Glen Tlesearch (Sterling, VA). All oUgOmers contained 
phTOphodiester backbones and wer& synthesized lo contajn a 
3' propylamine group lo minimize susceptibUity to degradaUon 
by 3' exonycleascs (t9), Tlic oligomers were purified by cither 
gel electrophoresis or HPLQ followed by Ccntricon-3 filtr<iuon 
in distilled water (Amicon)-Thc psoralen ^as incorporated mto 
the oligonucleotide synthesis as a psoralen phosphoi^amidite, 
resulting in an oligonucleotide Hoked at its 5' end via a six-carbon 
linker arm to 4'-hydroxymei]iyl.4^',8-tnmethyl psoralen. The 
oliflonudeotides used in this snidy were pso-AG30, (5' psoralen- 
AGGAAGGGGGGGGTGGTGGGGGAGGGGGAO*3'). 
AG30 (same as pso-AG30 but >«iaiout 5' psoralen)^ pso^SCR30 
(5' psoralen-GGAGGAGTGGAGGGGAGTGAGGGGGGG- 

GGG-3'), and SCR30. 

Pl&onids. Plasraid pJS-3, containing two mutant copies of the 
herpes simplex vims TK gene along with the neotnydn-resistancc 
gene, was obtained Itom M. Liskay (Oregon Health Sciences 
Univcrsiiy, Portland, OR; ref. 20). The TK genes in pJS-3 contain 
Xhol linker insertion mutations at positions 735 (TK26) and 1^ 
(TK8), They are present as 2.0-kilobase (kb) and fragments 
in direct repeal orientation in the Hindm and Bamm Sites in ^e 
vector, icspoctivcty (Fig, 1). A 200-bp fragment carrying the a^Gi 
ficnc froro die plasmid pSupFGi (12) was ampliOed by PGR with 
primers incorporadng aa\ recogniuon sites and was iiis^ted Itito 
Ihe unique Clal site in pJS-3 ^tuated in the middle of the 13^ 
stretch between the IK genes, yielding the plasraid pTKZsupF (Fig, 
1). The supFGl gene contains a 30-1^ G-ricb polypurinc site iTiat 
affords high-affinity triple helbc formation in the oniiparaUel pujinc 
motlCbytlieTFO AGSO, 

Celh. Mouse LTK~ cells were obtained from the American Tjpe 
Culture Collection and were grown in DMBM st^lemented with 
10% (vol /vol) FBS. The LTK"* cells were transfected with 20 ng of 
plasmid pTK2supF Uneaiizcd at the Hpan site by usiug lipo- 
Staninc (Life Tcdmolofiies, Bethcsda, MD) as dinected by ^e 
manufacturer. Sdlection fai transfcctanis was carried out m 400 
/ig/ral 0418 in DMEM. Transfectants were analyzed for inte^ 
grated plasmid structure and copy number by Southern analysis of 
genomic DNA as descril>ed (20). The clone designated FL-10, 
determined to contain a single copy of the pTK2supF conscnia 
(data not shown), was chosen for further Study. The LTK~- 
dcrtvativc cell MviepJS-3-lO. containing a single copy of the origmal 
pJS-3 vcclor Cacking the siq?FG) polypurlne target site), was 
obtained from M. Liskay (21) and was used as a cotntroL 

Microinjection of Oligonucleotides and Recombination Assay. A day 

beiore miooiiijecdon. selected LTK:--derived ccU lines (cither 
FLrlO or pJS-3-10) were seeded at a density of 375 cells per cm m 
30-mm dishes on which grids consisting of 25 squares were dr^m. 
One cell at the top left of each square was mlcroiiijected The 
injection needles were pulled with micropipette puller model P-87 
(Sutter Instruments, Novate, CA) from 1.2/0.94-mm (outside 
diameter/inside diameter) borosilicate capilUmes wftfa filaments 
(Worid Predslon Instruments, Sai-asota, FL). The cells were mi- 
crolnjccted with an Eppendorf 5170 micromanipulator and an 
Hppendorf 5242 mlcroiniector equipped widi Zeiss Axioven 135 
microscope. Solutions of selected olificmueleotides at 8 iM were 
injeaed in volumes of fl directly into ceil nndci to deliver an 
estimated vioOO cligonudcotides per injection, yiddiog an intrann- 
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Rg. 1. ExperimBntal scheme to investigafte induction of Intrachrorriosomal 
recombination by Tf Os. LTK " «llf canyfng, at a single chromosomal locus, two 
mutant copies cyf the "HC flene ad direct repeats flartKing a polypurinc thlrd^trand 
binding J)te w^re used totert the ability of trensfected of nftlcroinjected TFOs to 
promote recombination. A pUfJoe-riqh ollgonudeotide of lengtii 30 (AG30) was 
designed to fbmi a trfple h alix in the antlparallel triplex motif atthe G^rkh target 
site, as shown. A$ a control, SctSO, containinQ the same ba*C composttion but a 
scrambled requcr^e, was used, tn iomo experfmontS, the AG30 and the SCR30 
oUgonudeotides wert conjugHted at their 5* ends to 4'-hydrQJ(ymBtKyM.5',8- 
trimethylpsaralftTl via tha4'^iydrcDymefthyl position, tn this case. bytormatloTi of 
the triple heliK. psoralen intercalalion an^ photoaddltlon i$ targeted to the 
thymfdinas atthe predicted duplex-triplex junction. Potential recombinants art? 
identified asTK* dor^es growing in setectiue HAT (1 y 10 M hypo«amhlne/2 x 
10"^ M amlnopterin/1.6 x lO" ' M thymidlneKontaining medwm. 

clear oonccntraiion in the range of 2 X 10"'' to 2 X lO"*^ M, 
depending on the precise number of molecules injected and the 
actual nudear volume. 

In the case of the psoraleivUnkcd oligomers, 1 h after injection, 
the oellswcie exposed to 1.8 J/cm^ of UVAhi^diation as described 
(15), The cells were incubated lor an additional 24 h in nonselective 
medium, after which the medium was changed to DMEM supple- 
mented with IIAT (1 X lO--* M hypoxanthine/2 X 10"** M 
aininopterin/1.6 X 10"^ M thyratdioe) to select for potential 
recombinants expressing wild-type TK. 

Transfectioh whh Cationic Lipids. Cells at a density of 1^7 X 10" per 
cm^ (J X 10* in lOO^mm dishes) were transfected widi JO Kg of 
oligonucleotide DNA per dish mixed with 66 of GcnePoner and 
diluted into a total of 2 ml of scrum-free medium, as directed by dae 
manufecturer (Gene Therapy Systems, San Diego). In the case of 
the psoralen-corgugated oligomers, UVA irradiauon was given 5 h 
after transfection, after which the cdls were placed in ftill growth 
medium supplemented wiOi J0% (vol/vol) FBS. Medium was 
changed to HAT selection 24 h latcar. 

Southern Blot Analyses. HAT^esistant cobnies representing can- 
didate TK*^ recombinant dones were identified after 2 weeks. Hie 

Uioeta/. 



PAGE 24153 * RCVD AT 3/112006 5:46:39 m [Eastern Standard TiiiK] * SVR:USPT0{FXRF-1/7 ' DNIS:8729308 ' CSfl): ' DURATION M:34^6 



Table 1. Intrachromosomal recofiiblnaTion induced by TFOi 

Cells Oligonudeotide TransfertiDA method UVA TK clones/total t^\\% FreguEncy. V, 



FL'10 



pJS'3-10 



None 
None 

AG30 

psa-AG30 

pso-Scr30 

AG30 

PSO-AG30 

None 

P5O-AG30 



None 

C^tiontc lipids 
Colonic lipids 
Cationtc lipids 
Catignic lipids 
l^crolnjection 
Microinjection 
Microinjection 
None 

Microinjection 



+ 



+ 
■t- 



4/1 X 10« 
40/6 X 10« 
44/6 X 1 0^' 
149/6 X 10^ 
178/6 X IQS 
0/1 .373 
14/1,375 
16/1.375 
12/2 X IQS 
0/650 



0-0004 
0.0007 
0,0007 
0.0 D25 
O.0030 

1.0 
1.2 

O.Q006 
^0,15 



dones were expanded and gcnonoic DNA wag isolated by usmg 
Gciuyme geno/nic DNA purification kiis as dcsmbed by 
supplier Genomic DNAwassubjea to itstriction by dtherBo/nHI 
and //rndm or BflmHI. ffindm, ^ndXhol (Kew England Biolabs), 
Southern analysis was performed by using standard methods by gd 
electrophoresis ihrougb 0-9% agarose and transfer to Hybond-N 
mcinbmnes (Amershani Pharmachi), with the ^F-I^cd 2.5^kb 
Bamlll TK fragment from pTK2supF used as a probe. 

Scquchte Analysis of Oettomie OIMA. A 200-bp region flanking ftc 
polypuriuc iiiplex target $ite was amplified from the gencimic DNA 
of selected HAT-realstant clones by PCR. Primers ^sed were 
JS3^P6 (5'-CATGACATTAACCTATAAAAATAG<5CG-3') 
and JS3-P7 (5'-GGTTAAGTCCTCATTTAAATTAGGCA-3'). 
^ rnLcmal primer, JS3-PU (S'-TTAAATTAGGCAAAG- 
GAATTC-3') was nsed for DNA sequence analysK via aiitomatcd 
methods (22). 

Results 

Experbnontal Strtrtegy.To investigate TTO-induccd recombination 
at a chromosomal site, we csiablished a mouse LTK" cell Ime 
subclone (FLrlO) carrying a pair of mutant TK genes m a smglc 
loaisas dirtCl repeats separated by 1.3-kto (Fig. 1). Tn this construe^ 
the region between the TKseneswas ttnginecred to contama30-bp 
G-rich polypudnc scqiiencc (present in the supFGl gene ujscn in 
die Ctal site) tliat previous work had shown to be a site amenable 
to hifih-afrmhy third-strand binding in the anttparallel triplex motif 
(23') by the TFO designated AG30 (ref. 12; Fig, 1). The TK genes 
comain inac(ivadng Xhol linker inserdgn ^^Jf^^^s at ^^^^ 
sites (positions 735 m TK 26 and 1,220 in TK8). 'Jdm Tl<26 and TK8 
gcnesarc present as 2.0-kb and 23-kb fragments within/fwdm and 
Bamm sites, rcspecxiveiy. The stable Intcgrauon of this co^ct 
into the LTK- cells and its presence in a single cof^ was coined 
by South*^ analysis of genomic DNA from the FI^IO subdoue 
(data not Shown). 

In the assay, recomWnatiOT* between the two TK genes hasttie 
potential to produce a funcaon^I gene. Because thermal LTK 
cells lack the cellular TK, cdls in which the mutant TK genes have 
rccombmcd to generate a wild-type TK can l>e sdecied by ^wtih 
in the presence of HAT medium. Induction of recombination by 
sdecied oligomcleotides is quantified by enuraeiatmg the HAT- 
resisiant coJonies as a proportion of the total number of cells 

^FOT^comparison. a similar LTK" ceil line obtained from M- 
Uskay was also used (21). Itiis line, pJS-3-10, contains a single 
chromosomaUy integrated copy of a dual TK construct smiilar to 
that in FL-IO but lacks the st^FGi gene jtiserL Hence, m the 
dJS-3-10 ceUs, the recombination substrate lacks the 30-1^ poly- 
rurine target site for AG30. Also, in FL.10 cells, TK26 jsi^treani 
of m whewas in pJS-3-10 cells, TK8 is upstream of TK26, with 
pobricy defined wicb respect to the direction of TK gene amscrip^ 
don. Previous work by Liskay and colleagues (21) showed that the 
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TKfi and TK26 genes individually rcveit lo wUd type H frequencies 
in the range of 10"* or lower and thus generation of a fimdional TK 
gene at a measmahlc frequency requires information trajefex 
between the rwo genes. Tn the pJS-3-10 ccUs, recombination 
between the TK genes occurs at spontaneous frequencies in the 
range of 10-6 (21). 

O-lmhiced Itrtraehrohiosomal Recoknbination* The Hj-10 and pJS- 
3-10 cell lines were used to test the abihiy of TFOs id sdmulaw 
intrachromosomal recombination in a site-spedfic manner. The 
cells were transfccted with a series of oliganudcoiidea by two 
diffctent methods (either corolxmrc with cationic fipids at direct 
intranuclear microinj eerion), and ihe producdon of HAT-rcsistam 
colonies expressing wild-type TK was determined. 

The oligonucleotides used are shown in Fig. 1 and included both 
psoralen-conjugated oligomers as well as unconjugated ones (with 
the on^ modification in the latter c^e being 3' end projection widi 
a 3' propylamine group to provide nuclease rcasiance). The TFua 
specific for the polypuiine site between the two TK genes, AG30 
and PSO-AG30, were determmed in previous work to bind with 
high-affinity to the duplex target sKe, with equflibrium dissociation 
coinstants oflXlO'^MandSX lO"'* H respectively (12, 13). The 
control oHgomers, Scr30 and pso-ScrSO, have the same G-nch base 
composition as the AG30 TFOs but in a scrambled sequcira: 
(crcatbig 14 mismatches of 30 in the third-strand binding code for 
the polypurine caigct site versus only 2 mismaxchca in the case of 
AG30). These oligomers show no detectable binding to the 30-bp 
target site even at concentrations Up to 10 "^ M in gel mobility-sbift 
assOTS (unpublished results). Tn the case of the psoralcn-conjugaied 
oligomers, U VA iixadiaOon (1^ J/anP) was ^n to the cdls after 
the tnmsfections to photoaaivate the psoralen for potential plio- 
Toadduct formation at the target site. The timmg of the tJVA 
irradiation differed depending on the transfcction method. The 
mjcroinjected cells were irradiated 1 h after injection, wheteas die 
cells trdnsfected with cationic lipids were inadiaced 5 h after 
addition of the oligouudcotide/lTpid mprturcs. 

The results (Table 1) show tliat only AG30 and pso-AG30 were 
effective in mdudng HAT-resistant clones in the FL-10 cells at 
frequencies substantially above the background level of 4 x 1 0 in 
the untreated cells. However, the effidency of induction by the 
spedficTFOs varied signiCcantly depending on the method of TFO 
delivery, Tranrfecdon of the Fl^lO cells with AG30 and pso-AG30 
(p)us U VA light) by using cationic lipids yidded rtecomblnanls al 
ftequondes of 25 X 10' * and 30 X 10-^ respectively, values 0- and 
7-foId above the background in untreated cells. Itemarkably, mi- 
a-oinjcclion of AC30 and pso-AG30 produced ^lAT-resistant 
colonics at frcquendes of hO% and 1.2%, 2^00- and 3,000.fold 
above badcgroond. These values were calculated as the ratio of the 
number of HAT-resistant colonies produced divided by the total 
number of cells injected with the oUgonucleotides. In the raicro- 
injcciion procedure, a volume of 15 fl of a solution containing 8 /zM 
oligonudeotide was injected into the nuclei, yidding approxfanatcly 
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geneconwSon,In»*ich*ere«.nfj>rrnBtiortWnritrfr^ «»„bln8nt HAT-resistanl clones, depending on the nature of the 

I □ CQH^^^ve event, C« E^e««d r^Tjl^Th^STindSfe^S^^ KybriditaOon with »7K gene f^em». 

r«combinM!on B«ent. TTie hypothetiwl band pattemi* bwed on ** done, produced by TFO mlcroinjMtlor (lanes 1-7). The 



72.000 olifioaudeotidfi inoJecules per nucicus. CeU viability after 
nS'aoinjeSion esdmaied to be «709fc. based on expenmems 
diat used ihe sume proiocol to iiqect a green fluoreS(»m piocern 
crtoression vectuT instead of IhcTFOs (datanol shown). However, 
ihfe NiabiUw estimate ^vas not used to correct ihe induced recom- 
bination frequencies, because we do not Icnow exacUy the post- 
iniecuon viabOiiy in the oligonucleotide expcrimwts- 

In commiiaon, microinjection of pso-Sct30 into the FI^IO cells, 
foUowcdby UVA iiradiauon, yielded no HAT-icsistant clones 
(Table 1). As an additional controU pso-AG30 was fOso micro- 
hiiectcd into Uie pIS-3-lO cells under the same conditions as wth 
dieFL-lO ocUs. The pJS^3-10 celK like the FI^IO cdls, ai^ 
subdone. They contain a dual TK conpinict similar to the one in the 
FL.10 cells, with ihe only differences being the ate^oe of the 
pdiunne target site and ihe order of the TK8 and TK26 alleles as 
they re5?ide in the chromosome (21). As shown (Table 1), no 
recombinants were detected in 650 fojccted cells. 

AnalyMs of HAT-ResisteBt Clones. TheHAT-resisrantcl^^ 
by microinjection of FL.10 ceUs^th AO30 (n - 14) and^AG30 
(n - i6)werei60laieU,rcdoned, and expanded. GenomicDNAv^ 
prepared for Southern analysis to dKamine the structure of tl^ TK 
10C05 and to determine the nature of the recombinatiOD products. 

Possible recombination pathways thai can generate a functional 
TK gene are iUustrated in Fig. 24. A nonconservative event 
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involving crossover recombiiiation can produce a single copy of a 
wild-type TK gene. However, because of the orientation erf the 
inacdvating mutations in TK26 and TK8, a single crossover would 
generate a douWy muiantTK gene retained in ihe chromosome and 
would pop out the reconstructed wQd-typc TIC gene. Multiple 
crossovers would be required for a nonconservative event to yield 
a wad-type allele in ibe chrontosome. Alternatively, there can be 
infoimation transfer from one TK gene to the other in coiiecL ihe 
2£hQl linker insciaon mataiion, as diagrammed, in a conser^raUve 
process of gene conversion that retains both TK gene fragmcnis, 
one now wOd-type and one still mutant. 

The KKpected pattern of bands on Soulhem analysis tram each 
of a^esc possible pathways is illufiiratcd schematically in Fig. 2B - In 
the parental HAT-sensidvc Ft^lO cells, genomJc DNA resnicicd 
with BamHl and HindHl and probed with a TK gene fragmcol 
should yield two bands of 2.0 and 2.5 kb. These bands repr^nitbe 
ZO-kb TK26 Widin fragment and the 25-kb TK8 BamHl frag- 
ment Both of ihese bands will be eliminated by the addition of A7k>1 
to the reslricUon digest, becauseboth maiant TKfragracnts contam 
the Xhdl Hnker inserdons. 

In the case of a nonconservative crossover recombinanM^niy a 
angle band should be visualized in the Btuntn and ffwdUl lane; 
however, this band shoiiJd persist when A^tol is added, because the 
recombinant fi-agment would contain the wild-iype TK sequence 
without either of the A7ioI sites. 

tuoeta/. 
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Table 2- Intrachrotrfo5amaI recombinP^Jon produrts Induced by TFOs 

Gene conversion rrr^^^r^M^r 

Olrgonudeotide Frequency of . — ; Crossover 

^reliment TK^- colonies. % m xo \.vr TK26 to WT recombm^ton 

^;^30^UVA 1^06/1,375) 9/16(56%) 7/16(44%) O/^S W%) 
1.0 (14/1.3t?S) a/U (57%) 6/14 (43%) 0/14 (0%) 

WTi wild type. 



The ecne conversion events can involve either correction of TK8 
to type or cortecrion of TK26 to wild type. It) the fbfmer case, 
the 2 0-kb and 2i-kb bands wiU be present on double digestion, but 
the 2.0-kb band win be lost in the triple digestion (because ^^hol 
linker insertion rcmains in the TK26 gene). The 2i-lcb bfind will 
remain, because Uie gene conversion event would chmmale the 
Xhol site in the TKg scne. With c<>^^^^ «^ '^.^^^Jf?^ ^>^fj 
acain both bands will be present in the Bamm and HmMJ double 
digest laoe, but in this case, the 23-kb band wfll be lost witJi addiuon 
omol and ihe XO-kb band wiU be resistant toJOwl and thus will 
penist in the fliree-cnzyme sample, ^ 

An example of this analysis performed otJ one senes of recom- 
binant clones induced by pso-AGSO is showD In Fig. 2C AJlseven 
clones aualyzed in ttris blot showed two bands on Bamm and 
Hinm digestion. With the addition of :XhoU dones 1, % 4, 5, and 

6 showed loss of the 2.5-kb band and retention of the 2X)^d> one, 
vphercas, coiwcreely, dones 3 and 7 showed loss of the 2.0-kb band 
and persistence of ibe 2i-kb one. These results arc consistenl 

all seven dones havhig arisen from gene convcrsiOA efventa, xviUi 1. 
2, 4, 5, and 6 being converlanis from TK26 to wUd type and 3 and 

7 leswiung from gene coiwerslon fiXMn TO 10 >wUd type. 

Table 2 presents a summary of the results of the ScmthCTm 
analysis. All 14 HAT-resi&cant dones induced by AG30 and aU 16 
induced by pso-AG30 were found to liave arisen by gene conver- 
' sion-lD both groups, the distribution of gene convci^on evonts vj^** 
alraost identical, with 43% TEC26 converting to wdd type and 57% 
TK8 converting to v^ild type for Che AGSO-mduced events and 44% 
and 56% for p8O-AG30-induccd events, respectively. 

Analysis of the Triple Hcllx Target Site- In previous work, we had 
found thai triplB helix formation by TFOs can cause rautalions^at 
atid amund the target site ( 13). We ilierefore examined the putative 
third-Blraad bindiug site and surrounding sequences m random^ 
selected TFO-induccd, H AT-resistant recombinaiiis to decermme 
whether the target region had undergone mutation at the same tnue 
tliat recombination had been stimulated For ^^^^^^ 
rcsisiaiit dones tested, a 200-bp region of S^^^^^PJ^A cnec^- 
passing the polypurine/polypynmidme site was amphfled by PGR, 
and ilKj DK A sequence of the rpgion Wafi determmed- No touta- 
tians were seen in any of che dones. These results mdicate diat 
triirfcx-induced recombination is not nec&ssaiily accompanied by 
mutation of the third-strand binding site. However, a low ftequenq^ 
of TFO-indUCed mutagenesis cannot be ruled out Ato, the HAH^ 
sdecrion assay specifically identifies cells m which a tochonal TK 
eene has been derated; cells widi other dasses of nonpi-ental 
products are not detected, and some of these might contain target 
site mutations. 

Discussion 

Results obtained with a mouse LTK cdlline carrying two mutant 
copies of the TK gene as direct repcau in a angle chr^osomal 
locus show that oligonudeoiides designed to bmd as thml stoands 
to a site between the genes am effectively stimulate intrachrowo- 
somal recombination. Wheti the TFOs were introduced mto the 
cells by intranudear microinjcciion, the frequency of induced 
reccmbmalion was in Ihe range of 1^.. 2,500-fold s«^ater than the 
badsfiround frequency jn uncreated cells. By Southern analvsis of 
thcTenomic DNA from the nonpaiental T^"^ colomes, the TFO 
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induced recombination products were found Co haccc sasea from 
conservative gene conversion events in which one mttolgene was 
corrected via information transfer from the othct In addition, 
altbou^ triplex formation can induce mutations as «dl as recom- 
bination (13), no mutations were seen in or around Ac predicted 
TFO binding site in the triplearlnduccd rcconibinaatl 

Interestingly, the AG30TFO itself, t^enwiihouicoi^ngalion to 
a DNA-reacttve molecule, was ahnosi as effective as the psoralen* 
conjugated version, pso-AGSO (1 .0% versus 1.2% wbmhoih were 
micjToiniccted and 25 x lO" versus 30 X 10 ^ respatively, when 
the TFOs were transected with cauooic lipids), The^cftrtparisons 
suggest two possibihries. (i) The yield of targeted photDadducts was 
low, possibly because the protocol for psoraJen-TFO transfection 
and the timing of the UVAirradlatlon were not optimaL Hence, the 
results obtaitied with pso-AG30 may reflect primarfly die effect of 
the (riple hdK formation alone. Qi) Targeted phott»dAictii were 
formed, but Ihe TFO-mediated triplexes themselves arc nearly as 
recombmagenic as the third-strand targeted psortto adducts. 
Distinguishing between these possibilities will requireftither anal- 
yses, indudhig direct measurements of dilrd^trand-directed pho- 
toadduct formation at the target locus (24, 25). Nonetheless, the 
activity of the AG30 TFO by Llself in promotlug rocoffltoliianon 
demonstrates that TFOs capable of high-affinity, sit&^pecmc bmd- 
ing TO DNA, even without the generation of covalcnt damage, can 
provoke DNA meiaboHjan and xhcrcby stinrulate lecombination. 

The induced rocombmation ficqucncies achieved on microinjec- 
tion of the TFOs (X% to 1.2%) are in ihc same range as resulu 
reported in experiments that used similar tandem repeat gene 
targets in which sitc-speeffic DSBs are produced within the target 
locus by csxpf ession of the IScel nudeasc in the cells, fox cxan^?le, 
Taghian and Nickoloff (26) and Donoho e/ al (27) observed 
I-^cffl-induced recombination between neo gene repeats at fre- 
qucndes of 1% and 3% in CHO and mouse embryooie stem cdls, 
re^ectively. Although the recombination substrates in these smdies 
were not exacUy the same as in our work and although the ISul 
cleavage was targeted to sites within one of the duplicated genes 
rather than between them, this comparison nonetheless suggests 
that TFOs, with defective intranudear deUvery, can induce recom- 
bination at a chromosomal target with an effidency rwaling that of 
a sile-spedfic cndonudease. 

In odicr experiments that provide a model for targeted gene 
leplaccraeni, Smih et al (5) showed that, in cdls with a jdngle copy 
of the neo gene interrupted by an I-5c^I recognition site insert, 
expression of the T'.^cel nudease could sensitize the target lo 
recombination with a transfected neo gencfragment aiafre^cfiCy 
at least 50-fold above background. In a similar experimental dcagp, 
Donoho et al, (27) also demoiBU-atcd the utility of I-5rFl in 
promoting targeted recombimilion of a transfected DNA wilh a 
chromosomal locus containing an IScel 5ite> observing targeung 
ftcquendes of up to 1%, 5,00C^fo]d higher than in the absence of 
MccI expression. Hiese espcrimeaits showed that mduced suraud 
breaks at a chromosomal locus can have a .subsiafltial effecr on 
homologous recombination between the locus and an cxogeaously 
introduced DNA. ^ ... r 

The experiments prraeiited herein suggest that trrplex forraauoo 
can provoke suffidcnt DNA metabolism lo stimulate inxmmolec- 
ular homologoua rccombmation at a chromosomal locus aihi^ 
effidency. By analogy to the l^ctl data, wc hypothesize that TFOs 
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nay t^so prCrr'C to be cffccm-c reagents for pi-OdOtiug inCCrmolcc- 
\Tlai recombination bewccn a tranced geuc frugment and a 
chro^.noMjYiol target sKs- ' , . n 

However ih^ compurison to the t-5ceT data does not necessarily 
imply [hat th& TFOs mediate rccombinatioa by producing (be same 
DSB npc of daraago as T-5ceL Ai this poiat, wc have not performed 
experiments to cxairunc directly the pattern of triplcx-slimulatcd 
strand breaks, Hov^'cver, prcviotis work has suggested that triple 
helix formation creates an altered DNA structure that is recognized 
by the NER complex io matraoaUan cells (13). Il was found that 
triplexes formed on a plasinid substrace can stimiilate DNA tepaix 
activity, as measured by DNA repair 5ynthesi3, in human ceJl 
extracts (13). Such repair activity is absent from octiacts fjf^^ 
dcficientin ihe NER danjagcrecogmtkjn factor XPA (unpublished 
results). The generation of repair synihesis tracts m plaaa^ds to 
^vhidb the third Stands have bound implies the gencraiion of at Icasi 
one sinde^strand break, which would be die nunininm damage 
necessary to enable the incorporation of labeled nucleotides. The- 
oretically, if the canonical NER reaction (2S) were earned out on 
The triplcx-contaiHing plasmid, a partem of dual endonuclcase 
incisions flanking the uiple hdix would be expected. The cuuent 
daia from the repair synthesis assay do noi aUow \is lo dishnguxsh 
between the ptoducdon of a single nick, foUowed by nick aansla- 
tion, and ihc generation of rwo nictei and a consequent gaPi 
followed by gap-filling repair synthesis. However, if DSBs m the 
nlasraids were produced at a significant frequency in the extract^ 
we -would expect U) see linearised DNA molecules, and no such 
species have been seen (ref. 13 and unpublished results). 

At thie point, we favor the possiblti^ that one or more smgie- 
strand breaks arc produced at or near the TFO-binding sue via 
lepair-dircctcd endonuclcase incision aofviiy. However, the num- 
ber, position, and strand orientation of the possible repair-metogd 
strand breaks remain to be determined. Also, the role of the NER 
pathw^ in the TFO-induced tntrachromasormd gene con versio n 
reported herein has not been tested explicitly. However, by extrap- 
olatiort from our recent woHc dcmonstratine a rcqmxetnent for 
NER in TFO-stimulatcd recombination in an episomal simian vims 
40-based shutrie vector (18). we speculate that somuiation of 
recombination by triplex formation ar a chromosomal site will also 
mm out tg require NER acthnty. . 

The recombination products produced by the TFOs m the 
present work were all consistent with cooservative gene conversion 
events. However, the manner in which the dual IK recombination 
substrate resides in the genome of the FL-10 odls favors tiie 
detecdon of gene coiKversion events. Detectable nonconacrvatri^e 
eveats would require raultiple crossovers and would therefore be 
rare. Smgle crossover events stimulated by triplex fomation would 
yield doul>ly mutant TK genes and would not be detected in the 
assay. Hence, the results reported herein may underestimate the 
Ability of TFOs to provoke inirachromatid recombination. 
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The ability of TFOs to stimulaic focombinatlon ai £ chromo- 
somal locus dcmonstraies that chromatin is not an abscte harrier 
10 third-strand binding to chromosomal DNA, axi^tmt with 
recent smdics that have detected TFO-diiected mntageKsis at 
chromosomal sites (14, 15). Ho^vever, in The mutageneaa studies, 
the TFOs were delivered into [he cells by dectroporatiOEa, passKx 
fluid phase uptake, or cationic lipids, and the induced mntation 
frequencies, although above background, were in tte 10"^to 10 ' 
range. In the cnrrent workj a key J&n ding is that microiigeaMm of the 
TFOs yielded induced recombination freqticndcs scvoal orders of 
magnimde greater than when the TFOs were inTrodoDDd by eo- 
mixture with calionic lipi(fe. These results show tJiat the trfological 
obstadcs to TFO-mcdiated genome modification include cot only 
the chromarin sUucture of the target gene but also fee cellular 
barriers that must be traversed by the TFOs achieve an c£fccttve 
concentration in the appropriate intranuclear cotnpflrtment for 
binding to the target site. 

It) our c3fperin)ents, we estimate that m tranudear concenirdtions 
intherangeof2 x 10"'' to 2 X 10" were achieved These vahics 
arc similar to those reported for oligomers iransfecied by other 
means, and thus ibe improved eiKtcacy of the microinjeciioD may be 
due to a more biologically effective intranuclear distribution of the 
TFOs. However, alSough microinjection is feasible as a rescaidi 
tool, its applicability for gene therapy is Uinitcd. Henoe, facile 
techniques for effective inxranudcar oUgotiudeotide ddivciy are 
needed lo make this strategy more practical. ^ 

Nonetheless, die results reported herein support die udliiy of 
TFOs as tools to sensitize genomic sites to recombination. Although 
our caqpcriments focused on recomtoiation within a specially 
engineered chromosomal locus containing a tandem g^ repeat, 
ihis strategy should be applicable lo the stimulation of recombina- 
tion bcrweeci a chromosomal site and e;xogenous!y introduced DNA 
molecides. As such, this work may fadUtatc efforts directed at gene 
replacemeiit or correction for research or clinical porpc^es. One 
current Jimitarion is that niplex formation occurs predominately at 
polypurinc/polypyrinndme sites. However, a considerable effort 
has been directed ai extending the ihird-strand binding code (J 6). 
and in any case, polypurine sites are overrcpresented in the geootnc 
In addition, the present findings raise the pos.sibihty that not just 
TFOs but also otiier high-affinity DNA-binding molecules, such as 
peptide midcic adds (29) and polyanudes (30), may prove wiefol in 
strategies to promote site-specific recombination for the purpose of 
genome modification. 
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THple helix-forming oligonucleotides (TFO^) can bind 
to i^olypimne^olypyrimidinc regions in DNA in a se- 
auence-epccific manner. Tipple heUx formation has been 
shoiim to stimulate recombiiwiaon in roanimalian cells 
in both episomal o^d chromosomal targets containing 
direct repeat sequences. Biftmctional oligonucleotides 
consisting of a recowibination donor domain tethered to 
a TFO domain Tvere found to mediate site-specific re- 
combinatiou in an intracellular SV40 vector targc^ To 
elucidate ihe mechanism of triplex-induced recombina- 
tion, we have examined the abUity of intermolecular 
triplexes to provoke recombination within plasnud sub- 
strates in human ceU-feee esrtracts. An assay for teveiv 
sion of a point mutation in the supFGX gene In the plas- 
mid pSupFGl/G144C was established in which 
recombination in the eactracts wa« detected upon trans- 
formation into Indicator bacteria- A biftmctional oligo- 
nucleotide containing a 30-nucleOtide TPO domain 
linked to a 40-nucleotide donor domain was found to 
mediate gene correction in vitro at a frequency of 46 x 
10"*, at least 20-ftold above background and over 4-fold 
greater than the donor segment alone. Physical linkage 
of the TIFO to the donot was unnecessary, as co-miacture 
of separate TPO and donor segments also yielded ele- 
vated gene correction frequencies. Wxen the recombina- 
tion and repair proteins HsRadSl and XPA were de- 
picted from the extracts using specific antibodies, the 
triplex-induced recombination wafi diminished, but was 
eHher partially or completely restored upon sopplcmen- 
tatipn with the purified H;^Ead51 or XPA proteins, re- 
spectively. These results eetablish that triplex-induced, 
intermolecnlar recombination betwecai plasmid targete 
and short fragments of homologoufi DNA can be detected 
in human cell extracts and that this process is depend- 
ent on both XPA and HsRadSl. 

Targeted modification erf the genome by gens replacement is 
of value S6 a research tool and has potential application to gene 
therapy. However, although facile methods exist to introduce 
new genes into maj^imalian cells, the frequency of homologous 
integration is Uxnitcd (1), and iaolation of cells with site-specific 
gene insertion typically requires a selection procedure (2). Site- 

* rhU wEirlt was supported \yy Nattoual Institutea of Health Grants 
R010MS4731 ^ I101CA64186 (to P. M. G.) and RS7GM33504 (to 
C M- R.) and by a scholar award (to P. M. G.) frcan blio LefokDmia (md 
Lymphoma Society. The casts of puWication of this artUle were de- 
fravBd in part by the payment of page charges. This article jmiet 
theretoTG be hereby marlsed "adu^rtUummi^ in sccorddnce wiUi 18 
U^.C. SecUcn 1734 solely to indicate this fact 
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Box 208040, New Haven, CT 0652M040. Tel.: 203-737-27S8; 
203-737-2630; E~mail: peter. gla»et^Qle-edu. 



specific DNA damage in the form of double-strand barftaks pro- 
duced by rare cutting endonudoases can promote hcmologoua 
recombination at diromosomaJ loci in several cell systons (8- 
7), but this approach requires the prior insertion of iha recog- 
nition setiuence into the locus. Bocouse Inteitnolecniar triple 
helices can provohe DNA xepair (8), oligonudeotide-Bftfidiated 
triple helix formation has been proposed as a potentially mote 
general approach to sensiiizing a target site to homologaus 
reoomblnaiion (9^12). 

TFOs^ can bind in the major groove of DNA to polypuri»e/ 
polypyrimidine setjuences, fOrtniJig specific HoogBteea or re- 
verse-Hoogst«en hydrogen bonds vnth the purine strand of the 
duplex (19, 14). Triplex formation has been shown to ijohibit 
transcription in mammahan cells (15) and can be used to de- 
liver a DNA-reactive coiyugate to a specific target site both in 
complex DNA mixtures in vitro (16, 17) and within mammalian 
cella in culture (lS-22), in some caaes leading to sitfr^cted 
mutations (19, 20). Triplex formation, by itselt can be mata- 
geniC; and efvidence suggeSM that the nucleotide excision repair 
(NER) and tranBcription»ooupled repair pathways may play a 
role in the triplex-induced mutagenesis (8). 

In previous work, we found that triple helix-directed psor- 
alen cxoss-Hnka could stimulate recombinetion in a pla$mid 
substrate containing two tandem copied of the supP^l reporter 
gene (9), Subsequent work estabUfihed that triplex formation, 
even in the absence of covalent DNA damage, coidd stimulate 
recombination between repeated sequences, an efiect that was 
absent in cells deficient in the NER factor, XPA (10). Recent 
work has extended these findings to the demonstration of tPO- 
induced recombination at a chromosomal locus containing two 
tandem copies of the herpes simplex virua thymidine kinase 
gene, following direct intranoclear microinjection of the ohgo- 
nudeotides (11)* 

Besed on the ability of TPOs to mediate specific molecular 
recognition of a DNA target site within a cellular genome and 
on the observation that triplex formation can stimulate recom- 
bination, we also tested a series of blfonctiona) oligonucleotides 
consisting of a TFO designed to hind to bp 167-196 of the 
supFOl reporter gene coupled to a short (40 nt) segment of 
DNA homologoua to bp 121-160 of the gene. Such a hybrid 
molecule, designated a tethered doaor-TFO (TD-TFO), was 
found to mediate recombination with the aupFGl gene present 
in an SV40-based episomal vector in monkey cells at frequen- 
cies in the range of 0.1-1^ (Ke£ 23 and data not shown), 
demcmstrating that TFOs can promoto infermolecular as well 
as iTiimmoleculor recombination in mnTTimalifln ceUa. This re- 
sult is consistent wiih studies demonstrating that bifunctional 

' Thfl abhrcvtatians used are; TFO, triple helix-formmg olilfonucleo- 
tide; NER^ nudeotidc cawUfon repair, at, nuclBotidft(6); bp, base paiHs); 
DTT, dithicth^eitol^ TD, tothcted donor; HPLC, high prtissure liquid 
diromato^aphy. 
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oligonucleotides can mediate both triple.x formation and strand 
invasion on plaamiti substratei? in vitro (24, 26X 
' In the present study, we have used a pias^nd-based asisay to 
investigate triple helLx^induccd recOtnbination in human c^U- 
firee extracts. We find that triple helix formation can stimulate 
recombination between a )plasmid and short homologous fi^- 
meuti> in i>i«ro. Stimulation was observed whether or not ^ 
donor fragment wae direcUy linked to the TFO. Itecombination 
was reduced in the abeencc of the TPO as well as when the TFO 
was substituted with a nun-triplex-forming> scrambled se- 
(juence oligonucleotide. To probe the mecharosm of the indxiced 
recombination, the wiles of the NER damage recognition factor, 
XPA (26), atid the human recombinasB, HsRad51 (27), were 
directly tested by Gxperime0tal manipulation of Ut© respectiv© 
protcia levels in ihe extracts, either via immunodepletion with 
specific antibodioa or aupplemontation with purified proteina. 
Wc report here that both XPA and HsRadSl are required for 
triple helix-induced recombination, and that increased 
HaRadSl levels can boost tlie efficiency of the reaction. 
E3a*BBIMENTAL rROC;S£DURBS 
Pla£mUi Vcctor^Tbe shuttle vector plastnid pSupFGlA5l-A4C, con* 
toinittE a stipFOl gsmc With an inactiv^tinE G:C to C:G podnt mutation 
at position 144, was deacribed previously (23). 

OiifiOAE^deoriiiej^ligoriudeotides were aynthe9i2Bd by the Mioxand 
Certified Reagent Co. (Midland, TS) and purified by either ffel elect- 
rophoresis or high pressure Utiuid chromatOigraphy (HPLC), foUowad by 
CentricAn-3 filtration in difltillcd water (Amicon, BevBriy, MA>. The 
olieonucleoHdes cenaicted priniarily of phosphadlester linkages but 
were modified at the 3' end to resist esconucleaee activity ^ ^ 
sion of phospboroliiii>ate linkagEs at the terminal three residues. In tha 
TD-TPO molccole (designated A-A<330). the linker segment between 
the donoa- frssmBnt and the TPO dowiain consisted of the sequence 
ffTTSTTS, in which 9 indicotw a 9-atom polyethylene glycol linker 
(Spacer 9, Glen Eorioarch. Steriing, VA). Tho ^cific TTO, designated 
A^O, has the seciuence fi'.ACKUAGGGGQGaGTGKJTQCKJGGAGGG- 
CKJAG-S' and is designed to bind ni a third strand to bp 167-176 of the 
BupFGI jpjna- The donor domain (A) con£lgtB of a 40-nt synthetic ^ingr 
le-stranded DMA Ihigment homologous to positions 121-160 of the 
tiupFOJ semj (5'-A0GGAGCAGACTCTAAATC?rGCCGTCATCGACrr- 
COAAGKj-SO- The scraonbled ae<iuence chgouucleotldB, SCRSO. haa the 
some base compoaitlon aa AG30 but diffars at IS positione: 
S'-GC3AaGAGTGGAGGGGAGT(SAGGGGGGOOGG-3'. 

Ce/i«— Construction of E. coH SY302 ;»cZJi5(Am) r^cASS 
hadR^ iTa 10 tTp-49 has been described previou^y (28). HbLb cells were 
maintained and grown by the National CeU Culture Center CMinnOO- 
poKa, MN) and ware obtoinad as cell pdleU for OJctract prcparaUmi. 

Fnaeins arid Ani^fcodws-^HftRadBl protein wna purified from £ coli 
DH1 OB (life Technologiea, Inc.) csrrying p] nsmid pEG532. Purification 
eocBi^ of chromatography thtomgh Q Sepharose, Blo-Gel-http, 
Mono-Q> and native DNA-coUulose- Othitr purification d et ails have 
been reported previously (39). Purification was documented by 6D6- 
polyacrylamide gel electrophoresis analysifi, yielding a single vtsuaUzod 
band of 37 kDa foUowing the DNA-celluloae pmification step. Purified 
I'IsRadSl protein was injected into rabbits to produce high affinity 
polyclonal anttbodieB specific to tho HsRadSl protein (29). 

XPA protein wa3 produced using an Escherichia coli expression veo- 
tor (obtained from R Wood) containing the human XPA cDNA ea- 
quence, along With on N-Lenninal 6-histadine tag, in the pM-lBb plas- 
jnid (Novagen, Mndifion. WI). The protein was ejcpresflEd in an coii 
expreasion strain. BL21(DE!3) pLy«S, as described by Jonea and Wood 
(30) Following escpreealtm, XPA was purified uflinEinunabiliaed metal- 
affinity chromatography (T&lon rBsin; CLONTECH, Palo Alto. CA) un- 
der native conditions. Practions were eluted with a buffer containing 20 
mw Tris, pH 8.0. 100 mil NaCl, and 100 mw imidasole. Waatem anal- 
yaifl wtw'uRed to determine apedfidcy using ontibgdias to the S-Hia tag. 
CoomasBio staining wa* usei to determine purity. To fiirther confirm 
that the exproased and purified protein was liie oon-ect speciefl and 
present as soluble mnnomers in solotion, XPA protein was Euhjected to 
both mess apecfcrometry and HPLC =i«e excluaion chromatography/ 
laaar li^t scattering onolyaii;. The results revealed a monodisperBad 
peak at a BwAecular mass of 36,8 kDa, indicating a inonomar of the 
correct size. Rabbits were immunized with tbe purified XPA protein 
(100 jig/inieciiaiO to produce high afCnity antibodiee epectfic to XPA. 
Prtparatton, of Cell-free £xt«ic^— HeLa whole cell axl^act was pre- 



pared ^ de£cribed pr^ouylv (28). Briefly, Hel>a cells -waihed 
with phosphate-buffered ^aliii-o and rcijuspended in 0.01 M Tis-HCl, pll 
7^, 1 mM EDTA,. 5 mil DTT, foUoTi^ed by lysis using a DoujaahtCooB- 
eni£cr. fho lyaaic was diluted in four packed cell volumtaof fl.CS M 
T«fi-HCl, pH 7.9, 0.01 il M^Oa, 2 inM DTT, 25% eucroae, SM&glyoero], 
and a protease inhibitor mlscturc (Sigma catalog no. PS34Q). Oa&pacJced 
call volume of saturated (NHJ^SO^ (0-33 g/ml of solution)™ added 
and then oeutralized by 1 N NaOH, followe<J by canttiS^jsiicn at 
15,000 X for aO min at 4 "C. The pellet xras rcaUfipendEdin 0.025 M 
1-IEPES, pH 7.9. 0.1 M KCl O.Oia M MgClj, 0,05 mM EDTA^laai DTT» 
17% slycarol and was dialyzcd in the Eumc bufifer for K T^o 
aamfle was quick frozen in liquid ai\d sttSred at -80 '(Mha prep- 
aration typically contained 15-20 Dig of protein/ml. 

In Vitro Assay fbr flecomiinaiiort— Reactions consisted Of 3 |ig of 
pSupFGl/G144C plasmid DNA, 3 Pff each of selected oligoaadteccldBfl 
(TPO, donor fragment, or both), 60 MM l^aCJl, 2 mM ^.taercsftoethanoJ^ 
3 xnM KQ, 12 raw Tris-HCl, pH 7.4, 2 mM ATP, 0-1 mM oachdNtPa, 2.5 
mM creatine phosphabe, 1 /i^ of creatine phoaphokinase, WxnMMgCl^ 
0-1 mM apcnnidine, 2% glycerol, 0-2 mM DTPT, and 13-20 ;daf ce3fl*ee 
extract in a 50-f*l total reaction volume. After incubdtiiig Zhs t 30 *C, 
the reactions were terminated by the nddidon of 25 /xm SDTA. 0..'>9t 
SDS, aod 20 fjtg of proteinase K After incubation at 37 'C far 1 h, the 
pla^d DNA wafl IsolatBd by pheniJ extraction and efchartftl pteelpita- 
tiun and disaolved in 10 /lI of iCO- 1- W of tha resulting BStmpfewss used 
to transform coli SY302 hy electroporatJOn^ 05 described (38>, fol- 
lowed by growth of tho cells on indicator plates for genetic aoalpds of 
$upT01 gene fancUon oe described previously (19). 

Depletion ofHsRadSJ andXPA fram Cell JSarfrocts— Anti-HBiRad51 or 
anti-XFA scra were adjusted to Jx Tria-buffered saline (10 mM Tiia- 
HCl, pH-7..'>, 100 mw NaCU and then incubated wirh pre^Jlen Pro- 
tein A-Sepharose beads Ibr 1 b at 4 *C. The beads were -washed three 
dmes with Trifi-bilKered aaline bufler and incubated with 50 pi of HcLa 
call oxtracl for 2 h on ice with gentle rotation. The supernatant 
(HsB^i- or XPA-deplotcd extract) waa rocovertd by canliifiigation 
and subse^ently eatamined by "Westcin blot end used in the in aitro 
recombinaUon assay- 

SidubUUatwn ofRADol Imjnimopreeipitates^A^ incobating the 
cell extract with HaRad.51 antibody-Protein A-Sapharose beads, Uie 
beads ware oentriJfljged and washed twioa with 10 row phosphate buSfer, 
pH 7.2. Then ono bead volume of 100 mM glydno, pH 2.5. and 3.5 M 
MgCla was added and kept at 4 ^. After 1 h, the sainplu was ccntrl- 
fh^d and the wpamatoni was imcmodlat^ dialyzcd ag ainsc a ba£^ 
contsdniwg SO mM potassium phosphate, pH 7.4. 0.5 mM OTT, 0^ mM 
£30TA, 10% glycerol, and 100 mM ICCl. The supernatant was directly 
used to eupplemcnt the depleted earteacte for tbe recombination assay 
without freezing. 

RESULTS 

Esfp^rimantal Design — The subBtrata for triplex-targeted re- 
combinatioii was the plasmid vector pSupFGlA5l44C, contain- 
ing a OTUtat^ versioxi of the supFOX omber suppressor tRNA 
gene, supFGl'l44, which has an inactivating; G:C to C:0 mu- 
tation at bp 144. The function of this gene can be readily 
assayed in indicator bacteria cairyinff an amber atop codon in 
tbe lacZ gene, and so aupFGX -144 is a ueeJExil reporter of re- 
combination events that revert the geno to tbe frmctionnl se- 
quence. The supFGl-X44 gene also contains a 30-bp, G-rich site 
at the 3' end of the gene to which the G-rich 30-iner TPO 
CAG30) can bind to form a triple helix in the anti-parallel motif 
(Fig. 1). 

In a etrategy to promote targeted recombination, we de- 
fii^ned a TD-TFO molBcule (A-AG30) in whicb the AG30 TFO 
is tethered to a donor DNA fragment homdlogoua to a region of 
the 5107^0^-144 target gene via a mixed sequence linker (Fig. 
1) <23). This airangement facilitates target site rccogiaitlon via 
triple helix formation wbxle at tbe same time positioning tbe 
donor fragment for possible recombination and information 
transfer. This etarategy also i6 intended to eacploit the ability of 
a triple helix, itself, to pawoke DNA repair, potentially increas- 
iDg tbe probability of recombination ^yith the hoimologous donor 
DNA. In tbe hifunctional A-AG30 molecule, tbe donor freg- 
ment, A, consists of a fiin^e-strand oflangth 40 syntbesized to 
be homologous to positione 121-160 of the su^jJ'O J* 144 gene 
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sxcept at position 144, whare bhe fiequente matches Uiat of the 

functional si/pFGJ gene. , rr r » r if 

Trinlcx'indut&d Recombination m HeLa C^U-free t,x~ 
iract^ln previous work, we deiuonstrated the occurrence of 
triplex-iiiduced recombinaUon upoix transfection of A-AC30 
into monkey COS c&Us already carrying the pSupFGl/G144C 
vector as au episomal, SV40.repHcon-ba8ed target (23). To m- 
vosti<rate tho mechanisiTi of triplex-induced rccombnahoti, m 
tlie present work we have tested febe ability of triplex formation 
to promots recombination within human cell-free extracts. 

Selected oligonucleotides wera incubated with the tai^t 
pSupFGl/Gl44C vector in HeLa whole cell extracts eupple- 
raeoted with nucleotides and ATP- Following a 2rh iiicubation, 
the plasixiid vector DNA isolated and used to transform 
recA ittcZ(Ajabcr) indicator B, coU to score for supFGl gen© 
function (Pig. 2). The results show that the bifunctional oliffo- 
nudeotide, A-AG30, was active in the extracts end produced 
supFOl'l^ gene reversion at a frequency of 4S X JO" . Note 
that (ihis offecl occurred in the extract and vas not mediated by 
recombination in the indicator bacteria because, without incu- 
bation in the extract, no recombinant products were observed 
upon transformation of the A-AG30 sample into bacteria. TbA 
A dwxor fragment 'was also somewhat active, as co-naixture of A 
pliw the pSupFGl/G144C plauroid led to a low level of supFOl 
reversion, consiBtent with the ability of short fragments of DNA 
to mediate recambination and marker rescue (31-33). How- 
ever, Otie effect of A-AG30 was 4^£old higher than that of A 
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FtG 1 Schewjatic diagram dcpictiiig ttie binding <rf the A^O 
TPO to the tupFGl'U^ e^ne in the vector pSupFGl/ai44C. AG30 
in thLs exiittxpla ifi linked to a 40-nL donor DNA fragmenL homok 
bp 121-160 Sir the supFGl'l44 geno. The G at pojitian 144 of the dimor 
fragment intcnddT bo correct the inactivatiiig 0:0 to C:G mutatma at 
bpl44 in tho target ganc The linker aegmtnt conaifltfi of tbo Geqaence, 
SrT9TT9 where "9" indicates a 9-atom poVethylcae glycol hn^. in 
some exp'erimentB, the donor /Vagansnt aad the TFO ware nsed eepa- 
ratffly or were co-mixed but not llnkad. 

Fig. 2. TVipXcX-ixxdnccd recomhiioa' 
doo to himmtt cell-frce extracts, the 
pSupPGl/G144C plartiiid DNA was incu- 
bated in vUro vrith the indicated oliganU- 
cleotides in the presancft or ahafeoce of 
HolA whole cell extract*. After 2 h, the 
plasmid DNA wa£ isolated and used to 
transform indicator bacteria for genetic 
analysis of iiis sifpTOJ ^ene. A echematSc 
diagrtisa of eadi oUgomideotide ot ohgo- 
nudeotido coocnbinaLion is presented to 
the left. Plus wgn (+) indicates that the 
dif&rsnl oKganudeotidea are nurod bo- 
gathor but unlinked. MinUS sign <-) indi- 
cates that the various oUgonudeotideB 
arc connEcted. The bars indicate the fre- 
quency of blue colonic* (repxesenting re- 
combinants) out of the total colonies, wi0i 
the actual mum given to ibe righi ofea A 
tor. lie results are ttimulativo data from 
three fljcperimanti. 



Triplex-induced Recombination in Vitro 

alone, demonstrating the influence of the TFO domaio crid 
providing direct evidence ^or triplex-iwduced recombination in 
viti-o. By itself, however, the TFO domain produced nammal 
reversion over background, indicating the ne«d &r (he 
qxjkence information provided by the A donor fragment 

Interestingly, the sample in which AG30 and the A dctoor 
oligonucleotide were not Ibked but were simply coHraind as 
separate molecules together with the plaemid substrate also 
produced an increased level of recombination, at a frequent? of 
40 X 10"*, almost aa hi^ as that produced by Ac linbed 
A-AG30. This result provides fiirther evidence that aTFO can 
BtimulatG recombination between a donor fragment »d atai^ 
get locus. In addition^ because the donor fragment in this case 
is separate from the TFO, the result specificany dexnonstrates 
a role for the TPO in stimulating i^combination that is distinct 
from its ability to deliver a tethered donor fragroeat to the 
target sit-- 
in another sample tested, the A donor was linked to an 
oUgonMcleotide segtoent designated SCR30, consisting of the 
&ame base composition as AG30 but a scrambled sequeiKO 
creating 12 mismatches. SCR30 does not bind to the gupFGl 
ge»a and bo does not form a triplex. It also has no homdlofiy to 
the tai^t gene. Linkage of SCRSO to the donor fragment was 
found to actually inhibit recombination relative to the donor 
fragment alome. 

Itole of B&RadSl in Tnplex-indut&d Recomhinaiionr-Thc^ 
results above estabUah that triplex-induced recombinatien Can 
be raeonstitutcd in HeLa' cell extracts in vitrv. By using thie in 
vitro system, we sought to determine the role(fl) of selected 
lecombination and repair proteins in the pathway of triplex- 
induct recombination. HsEADSl is a human recA bomolog 
that functions in homologous recombination and has been 
shown to mediate DNA pairing and strand exchange reactions 
(34). To test the role of HsRABSl protein in this homdogmis 
gene convei«ion. we used a polyclonal rabbit antl-HsRadei 
antibody to depleta HsRadSl protein from tlie cell extract. 
Successful depletion of HsRadSl from the entract was con- 
firmed by Western blot (Fig. 3). The depleted extract was tested 
fijr the ability to support triplex-induced recombination (Table 
l\ both in the case of the linked A- AG30 bifunctional molecule 
and in the case of the co-mixed separate A and AG30 eomple. 
Immunodepletion of HsIUdBl was found to substantially re- 
duce the frequency of recombinants in both cases, C<rntrol 
samples demonstrated that Protein A-Sepharosa. in the ab- 
sence of the HsRad5l polyclonal antibody, had no effect 

Limited Complementation by Addition of Purifted HeRadSl 
to the H3Rad$l'dcpleted Cell Bxtract^Ne%t, wo tested the 
extent to which tlio triplex-induced recombination in the 
HsRadBl-depleted extracts could be restored by the addition of 
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purified, recombinant tIsKadSl protem. Increasing amovAtg of 
HsIladSl protsin Tvere added to the depUted extracts, and ihe 
TGcambiAfition assay was carried ovt (Table ID- Even alter the 
addition of a large ftjnount of HsRADSl (up to 5 t^), onfe' a 
porfcioA of the triplex-induced recombinatiorL activity was re- 
covered. We hypothesized tli^it the laclt of compIemcnta^OJi by 
purified HsEftdSl raight reflect the removal from the inunu- 
nodcpletcd estracts of other factors physicaUy associated with 
HsHadSl To test this, we eupplemeafcad the immunodepleted 






2 3 5 6 



FrG 3 Iminimodcpletion of BsRadSl from the HeLa cell ex- 
tracts. Ejccract Bomplaa wore immunodeplBted using a potydonal 
HaRadSi smtitodbr pro-rtixed wilh IWain A-Sephinjse beada.^ The 
immutiopretapitste was removed by centrifogaticm, ond tfie Tanmmnp 
fittpematoftt w;^ BXBmwned by Western Wot analyst*. Samples were 
treated as izuUcattsd. 



extracts with rc-solubiliK-ed ILsRadol invmunopredj>itzte CTa- 
ble rO. Addition of the solubilited iinmunoprccipifsSe to Ibe 
(ieploted extracts was found to almost completely TOtcaa the 
recombination activity, iiidicatloj;? that HsRadSl imxnu. 
nodepletion rejnoves more than HsK;id51 alone and that 
HsRadSl supplementation, by itseJ:^ cannot coxnpensilefir the 
lo38 of the other factors. ThiA result is not surprising ml^t of 
eaacrgin^ evidence that the recombinatiDa complex in Innnan 
cells eonsista of raultiplc factorSj including RadSS, Bad&i. 
XRCC2, andXRCC3> as well as members of the RAD51 toily. 
including Rad51B/Ead51Ll, Ead5lC/Rad5lL2, and RadSlIV 
Rad5lL3 (35, 36). 

Addition afHsRadol to ihe Compl&te Extr<u:t Boosts A^i- 
iy_Iacreasing aujounte of HsRAD51 (irom 250 ng to2 pg) were 
added to non-depleted whole cell extracts^ and tadplcK-iiidaced 
recombination was measured (Table III). Both in the rase of the 
linked donor fragment and TPO CA-AG30) and th« unKnked 
donor plus TFO CA+AG30X additional HsKadSl was found to 
increase the frequency of the triplex-indticed recorateantB. In 
the samples supplemented with amounts of HsRadSl in the 
lower range, there ^vas a minimal effect. However, at bi^er 
levels of eupplementation, inureased yields of recoapbinanta 



Tabus I 

Effect ofHsRadSl dzpkUtm on triplex-indactd reecmbinaiiol^ in cell-free extracts 
The rcfitOta lupreaent d ie combined data froiP three indepgndant expgnmenig^ 



Blue cotoAica/totot 



Not)© 

A-ACi30 

A-AG30 

A-AG30 

A-AG3D 

A+AG30 

A-t-A030 

A+AG30 



Standard 
No esctract 
Standard 

Probein A^Sepharose 
HfiRadSl antibody 
Standard 

Protain A-Sephanose 
H^RadSl antibody 



0^10.000 
0/55,000 
da/99,000 
45/93,000 

sinio^ooo 

42/106,000 
d/99,000 



0 

0 
54 
48 

8 
40 
3d 

9 



tahi^ n 



Effect ofHsRadSi $uppU7nentation on triple^induad TeccmbUwHon in HsRtzdSl^d^pktcd cdi-frti 
The results reprBaent ttoe combiped data from throe independent expgrimeotg. 



OUgmiTiclGoude 



SxtToel tnunmcni 



6lv>c colcmics/UilELl 



Reversion /ycqaeoty 



None 

A-AG30 

A-AG30 

A-AG30 

A-AG30 

A-AOSO 

A AG30 

A-AG30 

A-AG30 

A-AG30 



No extract 
Standai^ 
Hs]eUd51 exitibody 

HsRadSl antiboc^ + SOO ng of HaRadSl 
H*Rad51 antibody + 1 MS of HaRadGl 
HeBadSl antibody + 3 iiff of HsBadSl 
HsRadBl antibody + 6 of HsRadSl 
HaRftdSl andbot!^ + 10 pX of solnbilized 

H&Rad51 immiwiopredpitate 
HsRadSl antibodty + 20 ;d of solubdliied 

HsRadSl ixjmnznoprecipitate 



0/111,000 
0/99.000 
51/112,000 
12/112,000 
12/117,000 
13/105,000 
lfiaitJ.000 
21/114.000 
40/108,000 

43/109,000 



0 
0 
46 
11 
10 
14 
16 
16 
37 

42 



Tabu ni „ - * 

Eff^t offfsTtadSI suppltnmitation on rrfplex'lnduccd recomhUuxHan tn cell-free extrccts 
Tte rai'tilts reproserxt the combinBd data from three independent e3q)eiinients. 



Extroct iroalmcnV 



Blue cDlnoiu/telal 



None 

A-AG30 

A-AGSO 

A-AG30 

A-AG30 

A-AGaO 

A-AGSO 

A+AG30 

A+A030 

A+AG30 

A+AG30 

A+AGSO 



Sumdard 
No csrtract 
standard 

Plus ^0 Ag of HfiRaddl 
Hus 500 of H£Kad51 
Plus 1 of HsBad5l 
Plus 2 Mffof HfitiadSl 
No extract 
Qtsndard 

Plus 500 ng of HsBadSl 
PlU3 1 Mg of HsHadBl 
Hue 2 of HsRadSl 



0/93,000 
0/87,000 
54/110,000 
43/95,000 
55/98.000 
79/105,000 
103/97,000 
0^3,000 
39/105.000 
37/110.000 
54/114.000 
76102.000 



Rcvcnacti IroquoQcy 

0 

0 
49 
45 
55 
75 
108 

0 
37 
34 
47 
75 
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were e^^ea. Hence, even though HsRadGl. by itself, caimot fally 
coraplemont the aqti\rity of tiiG iinmuiaodGpleted extracts, it ca^i 
proWde increased acti^-ity td otherwise complete whole cell 
extracts. 

The Role of the NucUotide ExciBion Repair Factor, XP A— In 
previooa work studying TFO-induced mutagenesis and recom- 
bination within SV40 vectors in htiman ceUs, we had obtained 
genetic evidence that the ability of triplex formation to stimu- 
late DNA metabolism \s dependent on the activity of the NER 
pathway (6. 10). To obtain direct biochemical evidence in sup- 
port of this proposed mechaoiem, we t-estcd the requirement for 
the NER damage recogratdon factor, XPA (26), in the triplex- 
induced recomhination in the HoLa ceU ^nctracts. 

A rabbit polyclonal antibody was raised against recombinant 
human XPA prt^tein produced in K coli and was found to 
recognise a single protein in human cells of Oie expected size 
(data not shown). Usin^ this antibody, XPA was removed from 
the extracts by irarounoprecipitation. Depletion of XPA was 
confirmed by Western blot analysis of the residual samples 
(Fig 4) Depletion of XPA from the extracts was found to 
substantially reduce iho frequency of TFO-induced reoombina- 
tion» whether or not the TFO was covalently Unked to the donor 
fragment (Table IVK With both the A-AG30 and the A+AG30 
satnples, the depletion of XPA reduced iho frequontg^ of recom. 
binants to that mediated by the donor frafiptnent alone (Table I). 
Hence, the ability of a triple hehx to stinnakte recombination 
depends on the XPA protein. This result supports the hypoth- 
esis that the NEU pathway can recognize a triple heHx as a 
"lesion," thereby prtrvoMng DNA metabolism that can lead to 
recombination or mutation. 

Following XPA immunodepletion, we tested the ahiliC^y of 
XPA to restore the triplex-induced recombination activity (Ta- 
ble IV). The results show that increasing amounts of XPA 
protein provide functional complementation in the depleted 
extracts. These results efitablish a direct role for XPA in medi- 
ating the ability of a triple helix to stimulate roisorobination. 



Fig. 4, ImiBtmQdEplettoii irf XJPA piroteto from tl» HeLa cell 
extracts. ExU-act sumplea were immimod^letcd using a polycltmal 
XPA antibody pre-nrised with Protein A-Sepharose beads. The urann- 
nopredpitate was removed by centrifugafcion, fidthe remammgjipBr- 
natant VQS examined by Western blot analyaii. S»mpl6i were treated 
as indicated- 

Tabus TV 

Effect of XPA dapiotion on triplBx-inducad recomhiJiation in cfH-fred cxtixictB 
The results repre sgnt tha combined data €c vm t h^ indspettdent atperiments. 
OU^udeoUdo 



DISCUSSION 

The Tvork reported here establishes that triplex-indnced re- 
combination can be detected in human ccll^frec eartjatte. A 
30-mcr TFO that binda with high afi&nity to a portion tiio 
supFGl reporter gone within the pSupFGl/Gl44G vedwrwaa 
found to stimulate recombinatiou between the vector and a 
40-nt donor fragment. Kecombxnation was induced bodi when 
the donor fea^ent was Hnked to the TFO aod when it was 
present as a separate, unlinked molecule. The stirauJotionwaB 
determined to occur in the extracts and not in the indkator 
bacteria because no recombinants were observed onlcss the 
samples were incubated in the extracts. The donor fragment, 
by itself, was able to participate In recombination with the 
plasmid in the extracts, consistent with previous stadiee that 
have detected intermoleculat rccombin&tion in similar mam- 
malian cell extracts (37). However, the present work eatab- 
lishea that such intermoleculor recombination can be stimu- 
lated by third strand binding to one of the molecules. 

Establishment of TFO-inducod recombination allowed testr 
ing of the role of selected factors in the pTocess. Immunodeple- 
tion of HsRad51, a human recombinase homologous to recA 
(34), from the extract reduced the yield of indvccd recombi- 
nants, but purified HsRadSl did not fully compensate foar the 
immunodepletion. When the immunoprecipltate was re-solubi- 
lizcd and used to supplement the d epleted oKtract?, the induced 
recombination activity was restored. These resulta soggert that 
ihe immunoptrr^cipitate contains factors in addition to HsRadBl 
that dxe essential for the reaction. Such -fioctors cooJd include 
HsRndSl-assodated protoinR that aro proposed to play a n»le in 
homologous recombination, euch as HsRadSla, HaRad51b, 
Hfl?lfld52, HaRad54,XRCC2, and XBCCa (35, 36). On the other 
hand, the addition of extra HsRadSl to the non-depleted ex- 
tracts produced an increased frequency of recombinants, sug- 
gesting that HsRadSX. itself; plays a critical role in the process. 
This result is consistent with the observation that ovei'ex- 
presaed HsRadSl can provide a modest increase in the fre- 
queniy of recombination in reporter gene substrates in mam- 
malian cells (38). 

The NER damage recognition factor, XPA, was also found to 
play an essential role in the triplex-induced recombmation, as 
no induced recombmants were seen in the extracts after XPA 
immunodepletion- Supplementation of the induced extracts 
with rdfccombinant XPA protein restored the induced recombi- 
nation activity, Tliis result not only is consistent with previous 
work shovTing that triplex-induced mutagenesis and recombi- 
nation are substantially reduced in human mutant cell lines 
deficient in XPA (8, 10), it also demonstrates directly that XPA 
ie required for the process. Taken together, the data support a 
model in which tbe oligonucleotide-medxatcd triple helix is 
recognised hy XPA, thereby initiating repair activity that can 
create reoombinogerdc intermediates. Such intermediates may 
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eiUiGv ba correctly rspaived. rep;^rf>d vdth iacorporatioiJ of 
mutation in an erxor-prone roanner, or, ifhomologous DNA is 
prestmt, setve as siibstrates for repair by a HaRadol-depend- 
cnt paliway of homologous x^scombination. 

In the eJrtracts, the TFO wf^ found to eetisitize the plasinicl 
to recombination either with a linked donor fragment or with 
an unlioked fragment, at approodm^itely the same frequency. 
This ability of the TPO to stimulato recombination betweeu the 
target site and an unUnked fragment ia in contraat to a previ- 
ons'study examining TFO-induced recombination in COS cells» 
in whidh lihe linked TD-TFO molecula was found to be 4-fold 
more active tlian the mixture of the unlinked molecules (23). In 
that study, the pSupFai/G144C vector was pre-transfectad 
into COS cells, and the ceUs -wrere transfected the next day with 
the oligonucleotides. Two days later, the vecwr DNA \vaB iso- 
lated for analysis m indicator bacteria. We interprot this dif- 
ferottce betwean tiie previous cell jiludy and the present work to 
auggeat that, in the tn vitro reactions, the TFO and donor 
fragment are present in adequate local ooncentratione whether 
or not they are linked together covalendy, Honce, in tiie ez- 
tracte, the ability of the TFO to deliver a linked donor fragment 
to the target site and place it in jxixtapoaition with the region of 
homology is not as important in promoting recombination aa i& 
tUo ability of the triplex to provoke DNA metabolism, hi con- 
trast, in the cell eatperimejita, both properties of th^ TFO ap- 
pear to be needed, although it remains to be determined 
whether the need for linkage of the donor to the TFO in ceUs 
can be overcome by increasing the ofliciGncy of donor fragment 
tranafection. If so, it wotild aUow a gene correction strategy in 
which a TFO coiild be ueed in comhination with larger donor 
fragments, greater than those that can bo synthesized in con- 
tinuity with the TFO. This would be advantageous, since pre- 
vious studies examining reoombinatioai between epdsomal or 
chromosomal targets and transfecUd DNAs in mammalian 
cells have consistently shown that fragments in the range of 
500 bp or larger produce higher levels of recombination than do 
short fragments in the size range used here (31-33, 39, 40). 

Overall, the work reported here demonstraws that triplex- 
induced recombination, can bo detected in human coll fr«B ex- 
tracts, and it providea insight into the underlying mechanism 
by identiftring critical rolee for HsRadSl and XPA- The resnlte 
suggest a pathway of triplex-induced recombination that de- 
pends on NER and on homologous recombdnatxonal repair of 
NER-generated intermediatCB. The ability to reconstitute TPO- 
induced recombination in vitro shocdd serve as a basis for 
further elucidation of the manner in which triplex formation 
can pi-ovoke DNA metabolism, and may thereby guide refine- 
ments in strategies to use TFQs to promote targeted genetic 
changes in human cells. 
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The potential for gerte repair via triple helix formation 

Michael M. Seidman^ and Pecer M. Glazer^ 

New Haven, Connecucuc, USA 

Tripto-fbrtnlag oligonucleotides (ITOs) cattbindto polypniine/polypyrimidine fegioas inDNA ia 
maXn for^recJed genome moLfxc^tion, with che ultimate goal of repainag 

iS^e DNA «p^t^recombinadon. in a manner that can be exploited to introduce desired 
iZtl^^t^s ^r^^-'^''-^-"^ «centadvances in this field whiU abo highUghtmg 
Sii" WUs that remain to be oven=ome befo« the appUcation of triplex technology to thera- 

peudc gene repair can be achieved. 

/. Clin, 112:487-494 (2003), cioi:10.1 172/10200319552. 



Triple-helbc DNA 

DNA triple helices form in isequencc^pecific man- 
aer on polyp urine:polypyrimidine tracts (1-3) 
which are widespread in mammalian genomes 
(4-6) The third scrand lies in the nujOf groove of an 
incact duplex (Figure 1) and is scahilized by cwo 
Hoogsteen hydrogen bonds bettveen third strand 
bases and the purines in the duplex (3, 7), The third 
scrand may consisc of pyrimidines, or purines, 
depending on the nature of the target sequences 
(Figures 2 and 3). In the pyrimidine (or Y-R-'Y) motif, 
a homopyrimidine oligonudeocide binds in a direc- 
tion parallel CO the purine strand in rhe duplex, with 
canonical ba^se triplets of T.A:T and C-G:C In the 
alternate purine motif (R-RiY), a homopunne strand 
binds anciparallel to the purine scrand, vinth base 
triplets of AJ^:T and G-G:C (8, 9). 

Tlie demonscration chat synthecic oHgonudcoades 
could form stable triplexes (10, 11) suggested that 
TFOs could be developed as sequence-spedfic gene 
targeting reagents in living cells (12-17). However, a 
namber of obstades have been, andstiU must be, over- 
come. Triplex chemistry and biochemiscry impose 

Adilresfi corrapomlertce to; PcKi'M. GW, Departmwii: of 

p a Box 20S040, Ntw Haven. COAncccicui: 06520^040, USA. 
Phonei (203) 737-276B; Pax: (203) 737-2630; 
E-maiL pMer.gla3er@yale.eciu. 
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(^e);2Wto.di/l (AE); equilibrium ^^^^^^ 
fKd): hypaxmrhmephosphorib<wyltiansfease {UPKY^^odcma 



fundamental Umicacions to TFO acrivicy in the 
nudear environment^ and target options ate limited 
to polypurlne:polypyrinudine sequences. In addidon, 
it has been shown that nudeosomes can inhibit 
triplex formation (18-20). Conscqueritly, accessibili- 
ty of genomic targets is an important issue. 

Recent devdopmcncs in nudeoside and oligonu- 
deoddc analogue chemistry show great promise for 
sohdng problems of TFO bioacrivicy and target 
options. We will discuss the challenges posed by die 
cellular environmenc and target restrictions, and 
some of the chemiscry that tnsy address these issues. 
Wc will also consider the activity of TFOs in biologi- 
cal assays. We will not attempt an irt depth review of 
the chemistry of TFOs. Instead, we wiU scress some of 
the strategic themes and cite a few spcdfic examples. 
The inccrestedreadcrshouldsee (21-23) forexcellenc 
and comprehensive discussions of TFO chcmisuy. 

Obstades to TFO acdvrty 
under physiological conditions 

Biological applications of TFOs are compromised by 
fundamental biophysical considerations, as well as 
limitations imposed by physiolo^cal conditions. 
Triplex formation involves the approach and binding 
of a negatively charged third Strand to a double-neg- 
acivdy charged duplex. Neuccalizadon of charge 
repulsion is typically provided experimentally by lev- 
els of Mg** (5-10 mM) (24) char arc much higher than 
what is diought to be available in cells (25). Further- 
more, triplex formation involves conformarional 
changes on the part of the third strand, and some dis- 
tortion of the underlying duplex (26-28). Pyrimidine 
motif triplexes are unstable at physiological pH 
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beca'^e of che requiremeat for cytostne proconacion 
that occurs ar rekuvely acidic pH (pKa = 4.5). This ts 
necessary foc the second Hodgsceen hydrogen bond, 
although Che resahanc posirive charge apparently 
makes the more imporcanr concribution co triplex sta- 
bility (29), Pyrimidine mocif criplexcs containing adja- 
cent cyrosines are often less stable than those with iso- 
Ured cytosincs. Traditionally this ha^ been ascribed to 
chaige-charge repulsion effects (30), although a cecenc 
study suggests incomplete ptoconacion of adjacenc 
cytosine5 may be the critical fecror (31). In addition, 
purine motif third strands (which are G nch) may 
form G tetrads in physiological levels of which 
inhibit ctipiexformadon(32),Anchesefaccors impose 

kinetic barriers on triplex formation and reduce Che 
scabiHty of tdplexcs once formed (mosc triplexes, even 
under optimal condidons in vitro, are less stable than 
che underlying duplex). 



charged amine reduces che likelihood oFself'Strucoia 
formadon of purine TFOs in physiological (50, 
A positive charge on a chyimdine analogue (52), 
iinkasc of positively charged moieties co TFOs, akj 
enhances criplex stabilicy (S3, 54). 

A positive charge and an RNA-like sugar confonaa- 
cion have been joined in the 2'-0-(2-aminoethyl) (AE) 
ribose derivatives developed by Cuenoud and col- 
Leagues (55-57). TFOs carrying these substitudons 
show enhanced kinetics of triplex formation and 
greater stability of the resultant complex at phy»*>- 
logical pH and low Mg"^ conceniration. NMR analy^ 
sis indicates a specific interaction between the posi- 
dvely charged amines (at physiological pH) and 
phosphate groups in che purine strand of the dufte 
(58). A related approach has been described in a 
diyraidine analogue containing both 5-aniinopropy- 
largyl and 2'-aminoethaixy moieties (59). 



0(]gDnucieotide modifications ImprciveTFO 
activity under physiological conditions 

The use of S-mcct^lcycosinepartiaUy alleviates thcpH 
restricdon of tPOs in the pyrimidine motif (33, 34). 
This is thought to be due to the contribution of the 
methyl group in the major groove to base stacking 
(35), and/or die exclusion of water molecules from che 
groove (36)Xyto5ine has also been replaced widi ana- 
logues such as 8-oxoadeniae (37), pseudolsocytidine 
(38), and a 6-keto derivadve of 5-methylcytydine (39). 
These can form two hydrogen bonds at physiological 
pH, and may be useful for sequence targets widi adja- 
cent cycosines. Two groups have presented interesdng 
data regarding 2-aminopyridine (2AP) (40, 41). This 
analogue is protonated at neutral pH and stable 
criplexes were formed by TFOs conraining adjacent 
2AP residues on targets widi adjacent cytosines. These 
rfesulcs art consistent with the argument that proton 
competition between adjacent cytosines is the basis 
for the difftoilty of targets with adjacent cytosines 
(31), Although the biochemical data with these ana- 
logues arc encouraging, only 5-mechylcytosine has 
been tested in biological assays. 

RNA third strands formed more stable pyrmudme- 
motif triplexes than che corresponding DNA strands 
(42), which prompted the use in third strands of 2'-0- 
Methoxy (OMe) sugar residues (27, 43), and recendy, 
2', 4' bridged ribose substitutions (44). These modifi- 
cations preorganize the third strand in a conforma^ 
tion that is compatible with triplex formation and 
imposes minimal distortion on die underlying duplex 
(28, 44). Other raodificaaons also improve stability. 
Intercalators linked to TFOs unprove binding (45), 
propynyi-deoxyuridine reduces the Mg^ dependence 
(46), as does replacement of che ribose wich a mor- 
pholino analogue (47), 

Backbone modifications char replace the phosphate 
linkage (48), or a bridging oxygen atom wich a mcro- 
gen(49) improve TFO binding in vicro. Replacement 
ofanonbridgingoxygen atom in die backbone Wicha 



Blotogpcal activity of TFOs 

In early biological studies, TFOs were envisioned as 
cools to inhibit gene expression by blocking rranscrlp- 
tion initiation or elongation (the "antigene" strategy) 
(60). Triplex formation within promoter sices has been 
shown CO block ttanscription faccor accfess and inbibic 
gene activation in vicro, and several studies hawe 
demonstfared chat TFOs can decrease gene expression 
in mammalian cells in a directed way (see ref 61 for a 
recent description of chis approach). As an alccmarivc 
strategy for genetic manipulation, we, and others, have 
investigated the use of TFOs to mediate genome mod* 
ification, resulting in a change in carget sequence (13, 
17, 62r-70). This has the advantage of introducing per- 
manent change in the target sequence, which simpli- 
fies interpretation of the experiments. However, more 
importandy, it also has potential as a gene knockout 
tool and as a means for gene correction. 

In our initial work, che third strand was conjugated 
to a mutagen, such as psoralen, so thar the sequence 
specificity of che third strand binding could be con- 
ferred on the action of the mutagen (71, 72). Psoralen- 
conjugatedTFOs cransfccced into monkey COS ccUs 
could induce base pair-specific mutations within a 
supF mutation reporter gene in a simian virus 40- 
based plasmid episome in the cells, at frequencies in 
che range of 1-5% (16). The key finding in this work 
was that the binding affinity of the TFO co its cargec 
site, as measured in victo, was highly correlated with 
its intracellular acchnty. TFOs with equilibrium dis- 
sodacion constants (Kd's) of approximately lO"' M 
were active; those with Kd's of 10^ M were not. 

This work was subsequendy extended to psoralen- 
TFO-mediatcd knockout of chromosomal genes. In 
one study, the supFGl reporter integrated into the 
chromosome of mouse fibroblasts was used as a target 
(73). Again, only high-afTmicy TFOs were active, achiev- 
ing targeted mutagenesis frequencies of 0.1%. In the 
supFGl experiments, essentially unmodified G-rich 
oligonucleotides (except for 3' end capping) designed 
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Figure 1 

Oiagrammauc dcplccion of a DMA criplt helix, with chci^iind strand 
binding in die niajor groove. 



to bLad in the andparaUel purine motif were u«ed, biic 
it should be noted rfiatin chose dcperimfitics che30-bp 
polypurinc site in the j«pPGJ gene afforded the possi- 
bility of high affinity third-scrand binding by G-rich 
TFOs synchcsized with standard DNA chemistry (16). 

We have determined the activity of variously modi- 
fied pyrimidine moof psoraien-TFOs, designed to 
rargei: a sequence in the endogenous hamster hypox- 
anthinc phosphonl^osyltransferasc (HPRT) gene, in 
HPRT knockout assays (17). TFOs with uniform 2'- 
0^meth>d substimrions were inactive, but addition of 
a pyrcne intercalator conferred knockout activity 
with HPRT' clones recovered at frequencies in die 
range of 10^ CO lO"'. Sequence analysis of the mutant 
clones confirmed the localization of mutations to the 
target region (17). More recently, we have prepared 
psoralen-TFOs containing several AE residxies as well 
as 2'-0-methyl substicucions. These mixed substitu- 
tion TFOs form triplexes at lower levels of Mg** than 
required for the TFOs with only the 2'-0^mechyl 
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residues. Thermal meldLig experiments showed chat 
che AE cripl&xes were more Stable than the 2'-0- 
mechyl only triplexes, and, notably^ were more stable 
than the underlying duplex ac physiological pH- They 
were also more stable in the cellular compartment in 
which repUcation and mutagenesis occur (62, 74), 
Most importantly they are quite active in the HPRT 
knockout assay (62). These results indicate that the 
introduction of positiw charge can confer biological 
acti'w.ty on pyrimidinc motif TFOs. 

Other oligonucleotide modifications also support 
biological activity. For example, a psoralcn-linked 
pyiimidine TFO with a phosphoramidate backbone 
(in this case, substitution of a bridging oxygen with 
nitrogen) was shown to have statistically significant 
amvity in a yeast reversion assay (75). PsoralctvUnked 
G-rich TFOs in die purine morifi with a nonbridging 
phosphoramidace substitution (N,N-diechyl-ediyl- 
enediamine), were active in targeted mut^encsis 
experiments arashoit (10 bp) homopurine/homopy- 
rimidinfl site in mammalian cells diat otherwise is not 
susceptible to targeting by unmodified phosphodi- 
estcr oligonucleotides {67). Improved binding activi- 
ty in reduced Mg^ is probably the ha^is for the bioac- 
tivity of the TFOs carrying these modificanons. 

In axidition to the use of psoralcn-conjugatedTFOs 
in site-directed mutagenesis studies in mammalian 
cells and in yeast, la few groups have used these 
reagents as tools for direct physical demonstrations 
of triplex formation in pcrmeabilized mammalian 
cells. Such Studies have used PCR and restriction 
enzyme protection assays to argue for the formation 
of TFO-targeted crosslinks in genomic DNA in chro- 
matin (76-7S). These results, and the mutagenesis 
experiments, show thax the packaging of the DNA 
into chromatin is not an absolute barrier to gene car^ 
gcdng with TFOs. 

Triplex fbimation by itself can 
promote DNA metabolism 

In the course of our work with psoralen-TFOs, we 
observed that unconjugated TFOs were also capable of 
inducing mutations in the target gene in an SV40 vec- 
tor, at least When the binding affinity was sufRdendy 
hi^ (79). This effect was shown to be a consequence 
of the stimularion of DNA repair by the formation of 
the triple helbc, which seems to be recognked by the 
nucleotide excision repair complex as a lesion. 

Reccndy, Vasqoez et al. demonstrated that systemi- 
cally administered TFOs (without psoralen or any 
other DNA reactive conjugate) could induce muta- 
tions at specific genomic sites in che somatic cells of 
adult mice (68). In this work, a 30-mer purine TFO, 
with a 3' propanolamine group co prevent exonudc- 
ase-mediated degi^adarion, was injected intrapen- 
toncally for 5 consecutive days. The TFO was target- 
ed CO chromosomal copies of an integrated sapF 
reporter gene. After an additional 10 days, the mice 
were sacrificed, and tissues were taken for mutadon 
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Diagrarti of the pyrimidine motif for triple hfelrx farmarion. (a) Oriertiaiion of the third strand in ihe 
pyrimidine cnplfi-helbt motif. Note that the chird strand is parallel in cerms of S' to 3' orientation 
with raspecc CO chfi purine-rich strand of *e duplex target, (b) Base cnplccs formed in the pyrimidme 
motif and illuscraw'on of the Hoogsteen hydrogen bonds that icabilize qriplc-helix formation. 



sion racher chan cross-ootr 
recombinarion. SimiJw 
work to use TFOs to sdto- 
ulate recombination but 
been described hy Wilsnn 
and colleagues using a 
locus in CHO cells canr 
caining duplicated AMT 
genes as a carget (83). 
Besides providing proof- 
of-principle, cLie resaks 
obtained in the TK sysoeca 
highlight anochet cbal- 
lenge in using triplex todv- 
nology for gene repoxn 
achieving efficient deliwcrjr 
into the cell nudeos. 



analysis. In general, mice treated wicfa the sequence- 
specific TFO had a fivefold elevated mtitation race in 
the targeted jwpFgene, bur not in che nontatgcccd cU 
gene. All tissues tested showed TFO-lnduced mutage- 
nesis except the bmin, which had no mutagenesis Ofver 
background, consistent widi TFOs inability to rtoss 
che blood-brain barrier. This work established thac 
sice-directed DNA binding molecules, upon systemic 
adrniniacradon^ can mediate gene targeting and gene 
modification in vivo in whole animals. 

Tnplex-induced recombination: gene 
correction via recombinational repair 

Based on the concept chat third-scrand binding, 
with or without psoralen coupling; can trigger DNA 
repair, we hypothesized that such binding might 
also be recombinogcnic due to che production of 
repair-dependent DNA fftrand breaks. Using an 
SV40 veccor containing two mutant copies of the 
XK^Fgene, we foimd that both psoralcn-TFOs (64) 
and non-psoralenTFOs (63) could trigger recombi- 
nation within an SV40 virus genome. This induced 
recombination, in the case of the TFOs, without 
psoralen, was found to be dependent on the pres- 
ence of functional pigmentosum group A 
protein (XPA) protein (63), the key recognition fac- 
tor in nucleotide excision repair, a result consistent 
with our hypothesis. 

These results were extended to a chromosomal tar- 
get, in which two mutant thymidine kinase (TK) 
genes were integrated into a single chromosomal sice 
in mouse fibroblasts (69). Transfecdon (via cationic 
liposomes) of die cells with high-affinity TFOs target- 
ing a region between che two TK genes yielded recom* 
binarion at a frequency of approodmacely 30 x 10*^, 
about sevenfold above background When the TFOs 
were microinjecccd into che nudci of the cells (about 
70,000 copies/cell), the yield of recombinants 
increased co 1-2%, more than 1000-fold over back- 
ground. Analysis of the recombinant clones revealed 
all the recombination events involved gene conver- 



Bifvnctional oligonudeoddes for gene correction 
The observation of the ability of third strand bindir^o 
provoke DNA repair and stimulate recombination fed 
us CO develop a strategy to mediate targeted gene aa^- 
version using a TFO linked co a short DNA fragment 
homologous CO the target site (except for che base pair 
to be corrected) (70). In this bifimcdonal molecule, die 
TFO domain mediates sice-sspedfic binding to cargecifee 
molecule co the desired gene. This binding also triggets 
repair CO sensitize die target site to rccombinadon.ihe 
tethered homologous donor fragment can pardcipaie 
in recombination and/or gene conversion with che tar- 
get gene to cortea or alter the nucleotide sequence. 

Using a bifunctional oligomer with a 40-mer donor 
domain and a 30-mer TFO domain, correction of a 
single base-pair mucadon in the supF reporter gene 
within an SV40 veaor in COS cells was achieved (70). 
Correcdon frequendcs were in the range of 0.1-0i% 
with the full bifuncrional molecule. Oligomers con- 
sisdng of either donwn above or of either domain 
subsrituted with heterologous sequences reduced 
acdvity by tenfold or more. The donor domain alone 
consistendy did mediate some gene correcdon, as 
would be expected, based on the known ability of 
short DNA fi^agmcnts co mediate some level of recom- 
bination (81-83). However, there was a dear syner- 
gism due CO combinadon with the TFO domain. 

In vitto studies in human cell-free extracts furdier 
demonstrated that triplex formation could induce 
recombination of che target site with a short donor 
oligonucleotide, and they also revealed a rcquiremcnc 
for XPA and RadSl function in che pathway (84). 
Imporcandy, the in vitro work also revealed that the 
donor DNA does not need co be covalencly linked to 
the TFO, suggesting tfaac the ability of the third 
strand to stimulate repair and recombination is a key 
propeixy, presumably because of the production of 
strand br^ks as recombinogcnic intermediates. 

Several other in vitro studies have demons crated 
synergistic binding of bifunctional oligonudeo tides 
containing domains designed to form triplexes as well 
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as duplexes with a target DNA (66, 85, 86). Interest- 
ingly, in one Strategy, the triplex-forming domain was 
linked to the duplex-forming domain by annealing via 
a short stretch of complementary nucleotides (86)^ 
rather than via covalenc linkage (the latter either by 
postsynthetic coupling or by cosynthesis as a single, 
long oligonudeotide)- 

Prospeccs for the expansion 
of the tnplex-binding code 

Although we have just begun to explore the applica- 
tions of TFOs for genome modification, wc would 
aigue chat two fundamental issues have been resolved 
in recent years; chat it is possible to prepare TFOs Tvich 
gene-targeting activity in vivo, and that bioaaivicy 
implies at least some degree of target accessibility. 
ThuSi although there is a great deal to be done to 
extend these condusions, expansion of target options 
to mixed purine/pyrimidine sequences would appear 
to be the most important challenge feeing the field. 
We will discuss some of the efforts to expand the 
triplex-binding code, although it should be pointed 
out that only a few compounds have been tested in 
bioassays- For thorough accounts of this aspecc of the 
field the reader should consult recent reviews (21, 23). 

Purine bases engaged in Wacson Crick pairing can 
form two additional hydrogen bonds, while duplex 
pyrimldines can only form one additional hydrogen 
bond. These hydrogen bonding patterns are the basis 
for much of the stability of conventional triplexes, 
and one of the reasons for the instability of triplexes 
on mixed sequences. An additional problem present- 
ed by TiA inversions is the projection into the major 
groove by the S-methyl group of T resulting in scene 
hindrance to groove occupancy by third strands. Can- 
didate compounds for binding at inversion sites fall 
into different categories: natural bases> intcrcalatots, 
analogues that make a single hydrogen bond with rfae 
inverccd pyr imidhie base, aiwlogues that make hydro- 
gen bonds with the purine base, and, perhaps, also 
with the pyrimidine base (base pair binders). 



Natural bases in parallel triplexes have been shown 
to form triplets at inverted base pairs, specifically 
G.TA, and XCG (87, 88). Although these have been 
incorporated in TFOs employed in biological exper- 
iments, criplexcs containing them are not as stable 
as perfectly matched triplexes (89, 90). Thus we 
found that a TFO containing G, for triplet forma- 
tion at a T:A inversion site, was not effective in our 
hprtgerve knockout assay (17). The T.CG triplet can 
fonn in both parallel and anriparallel triplexes. Use 
in parallel triplexes is compromised by the lack of 
sequence stringency (since T also forms triplets wich 
A:T pair«). However chis limitation does not apply to 
anriparallel triplexes and wc have used T in a biolog- 
ically active purine motif TFO (AG30, described 
above) for triplet formation at TA sites in an other- 
wise perfect polypurinc target (15). 

Intercalatois, incorporated into the TFOs and 
located adjacenc to mismatch sites, have been used co 
stabilize natural base triplets with inverted base pairs. 
An acridine derivative stabilized eicher inversion 
depending on its position relative to the sice (45). A 
naphthalene-based intercalator linked to S-methyl- 
cytosine, designed to form one hydrogen bond and 
also intercalate, showed selectivity for C:G inversions 
(9 1), We introduced a pyrene derivative at a T A invet^ 
sLOn site in our active TFO in our initial demonstra- 
tion o^HPRT gene knockout (17). Ic is dear that 
intercalators can enhance triplex stability, however it 
is likely that chis will be at the cost of some degree of 
sequence specifldcy. Precisely this observation was 
made with one of the eai-liest efforts to conscrua an 
analogue for expansion of target options. A benza- 
midophenyl derivative of imidazole formed stable 
criplets at both T:A and C:G base pairs by intercala- 
tion next CO the target base pairs (92, 93). 

There have been a number of attempts to synthe- 
size compounds with hydrogen bonding potential 
chat would form triplets with inverted pairs wich 
good affinity and specificity. There have been some 
promising developments with the C:G inversion, 
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Particularly in the pyrkniciine motif. A chymidine 
analogue designed to form a hydrogen bond wich 
:he C showed sciectiWcy relative to the ocher h^e 
pairs (94). Similar results with a related compound 
have been reported in one of chc few instances in 
which Che new sugar chemistry has been combined 
with a base analogue (95). A base pair recognicion 
strategy was pursued by Miller and coUeagUCS who 
prepared several N*-substicuted cycosine derivatives 
wich side-chain excensions designed to make hydro- 
gen bonds wich boch the cytosine and die guanine in 
Che inverted base pair (96, 97). This approach is con- 
ceptually attractive because formation of hydrogen 
bonds wich both bases should enhance the specifici- 
ty of rhc tnteraccion with the intended base pair, as 
indeed was observed wich some of the derivatives 
(97). While these and other analogues show promise 
for solving the C:G inversion chey do not form 
criplets as strong as the canonical Cf .G:C. However, 
chis is, in part, because chey do noc carry a posicive 
charge. Combination wirh sugar and backbone mod- 
ificadons thax introduce positive charge may over- 
come this limicarion. 

Analogues chat bind C;G interruptions in anupar- 
allel purlne-raodf triplexes have also been described 
An example of an analogue that can t«ach across the 
major groove and form hydrogen bonds wich the 
guanine base in chc inverted C:G pair is 2'-de6xy- 
formycin A (9fi). Another interesting approach in- 
volved rhe replacement of natural bases <vich azole 
derivarives. The use of the smaller aromacic ring was 
intended to overcome some of the steric problems 
associated with base pair inversions (99). They were 
able to demonscrate enhanced binding by the substi- 
cuced TFOs to targets containing inversions, but base 
pair discrimination wa5 poor. However, this nnay be a 
useful point of departure for side-chain derivatives 
chat wo uld improve selectivity. 

Current efforts co overcome the T:A inversion 
have been less succcssfuL A recent effort employed 
a pose synthetic modification strategy, at an inter- 
nal aq^lic linker, to prepare a number of candidates 

(100) . Although this approach bas a great deal of 
pocential, the most effective binders recovered m 
the study were incercalatofs, which failed to distin- 
guish between T.A and C:G base pairs in the target 
sequence. This result is similar to chose reported 
previously and suggests chat in further work ana^ 
iogues wich intercalative poccnual should be avoid- 
ed. Finally, a pyridazinc derivative on an acyclic liiik- 
er has been shown co form criplets widi T;A pairs 

(101) , This analogue showed reasonable ba^e pair 
discrimination, but was analyzed in che contexr of a 
peptide nucleic acid, and has not been exanuned in 
an oligonucleotide. 

While this is a cursory overview, it is striking how 
much thoughtful chemistiy has been described, some 
with considerable promise, and how rare has been the 
analysis of these developments in biological assays. 



Summary and future directions 
Overall, the work ro dAce suggests that TFOs can be 
used CO mediate sit&-speciHc genome modification. 
This capacity derives noc only from the abilicy of 
TFOs to bind as cliird strands wich sequence sped- 
Hdcy but also from the abilicy of die resulting triple 
helices, or TFO-mutagen complexes, to provoke repair 
and recombination, leading co directed mutagenesis, 
recombination, and, potentially, gene correction. It 
seems likely chat recent advances in oligonucleonde 
chemistry have considerable potential for che devel- 
opment of TFOs with robust gene targeting activity. 
This will require coordinated effort between the 
chemists and biologiscs, but recent data suggest dxat 
this effort will be rewarded* 



NoteaddedmprOQf B J, Gold and colleagues have recent- 
ly described a novel approach towards the dcvelopmenc 
ofTFOs chat can bind general sequences (102). 
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The ability to stimulate recomWnation in a site-spedfic manner in mamtoaUfttt cells may pr<Mde a nscftil 
tool for eeno knockout and a valuable strategy for gene therapy, TVe iHtvimisly demonstrated that psoraloi 
adducts Weted by triple^helix forming oUgOjmdeotides (TFOs) eould induce recombination bctrpcen tandem 
reneats of a «i»F reporter gene In a simian vinw 40 vector in monkey COS cells. Based on work showing that 
ttf pic hcUc^, even ih tlie absence of associated psoralen adducts, are able to provoke DNA repair and caase 
mutations, we asked whether Intermolccular triplexes could stimulate recombination. Here, vre report that 
triDle-hcHx formatton itself Is capable of promoting recombination and that this eiTcct is dependtat on a 
functional nucleotide excision repair (NER) pathway. Transffection of COS celb canying the dual vector 
trith a purlne-rich TFO, AG30, designed to bind as a third strand to a region between the two mutant st^F 
genes yielded recombinants at a frequency of 0.37%, fivefold above back^ou^d^ vrfiereas a scrambled scquente 
control oligomer was inefffective. In hmnan cells dcficiedt in the NER fector XPA, the ability of AG30 to induce 
i^combination was eUminated, but it was restored hi a corrected subhne expressing the 7CPA cDNA- In 
comparison, the abUlty of triplex-directed psoralen cross-links to induce recombination v^as only partial^ 
rediKed in XPA-dcBcient cells, suggesting that NER is not the only pathwwy that can metabolize ta^ejed 
nsoralen photoadducts Into recombinagenic intemcdiates. fiiiterestingly, the triplex-induced recombtaatlon 
Us uwnflteted tti cells d^cient in t>NA misonBtch repair, cballenging our ptevious model of a hctcrodnplex 
intcnoediate and supporting a model based on end joining. This worit demonstrates that oligonudeoUde^ 
mediated triplex formation can be recombinagcnic, providing the basis for a potential strategy to direct genome 
modification by using high-affinity DNA binding ligands. 

One of the major goals of gene therapfy for human disoasc is chromosomal and genomic DNA designed lo caiiy the rare 

the largeted modification of the genome. Alihough methods IS-bp tecognition siw. This strategy has been used to induce 

for dclbcry of gcncs into mammalian cclLi are ^cU developed. intennolecular and nJtraraolccular recombmaitoo in both Xu- 

the frcauenw of homologous recombinaiion is limited (22). m 7u?pwr oocytes (51) and mararaaUHn cells (3, 10, 1 4, 27, 44, 47). 

couLTdst to the more favorable situation in yeast Most of the However, this has limited general application, as it mvolvcs the 

time, iransfccted DNA integrates in a nonhomologous man- prior introduction of the rccogniuon site ivithin Uic gwiomc. 
ncr and, as a result, the simple introduction of new genes is of Besides double-str&nd breaks, other types of DNA damage 

only modest volue for gene therapy because it is dilRcult to have been sho^ni to be rcoombinagemc, but in a non-site- 

achievc appropriate regulation of the gene when it is not in its specific way. These iticlude DNA damage from UV radiaiion 

cognate site. Techniques to select for homologous recombina- (54), cheinical carcinogens (64), and photoreactwe molecules 

tion of a sequence into the matching chromosomal locus have such as psoralen (4S). Psoralens are DNA-damaging agents 

been developed (39), atid these techniques have been iitvalu- that intercalate into DNA and form covalem monoadducts and 

able in enabling the generation of mammalian cdls and mice in intentrand cross-linlcs upon exposure to near-UV light 

which specific genes have been knocked out and replaced with (UVA). Photo-induced psoralen intcrstrand cross-linlcs, and to 

desired sequcuces. However, such selection techniques require a lesser extent monoadducts, can induce recombination in bac- 

growih of cells in oillure and are, in general, not applicable to teria (1 1 , 37)» yeast (4J?), and mammalian cells and viruses (21 , 

gene therapy approaches. Because of this, investigators have 60). 

recognized that methods to enhance the frequency of bomol- Jn previoxrs work, members of our group demonstrated uiat 

ogous recombination in mammalian cells will be critical in psoralen damage can be introduced unto DNA wiUiinraamtna- 

developmg gene replacement siracegiBS for research and gene \\^ ceUg in a site-specific manner by linking psoralen to an 

therapy applications. . oligonucleotide that is designed lo form a triple helfac (62). 

Rcccnily, efforts have been directed toward modificadon of Triplex DNA can be formed when oligomiclcotides bind m the 

the recipient site to create a substrate prone to homologous majoi groove of the double helix in a sequence-dependent 

racombination. Tt has been shown thai a site-specific endonu- manner at polypurinc-polypyriniidinc stretches in duplex DNA 
clcase, Mcel, can induce double-strand breaics within extras tj, 33, 41, 43). The specificity of oligonuclcotide-mediatcd 

triplex formatton has also been used to uihil?it transcription 

« _ and to deave DNA at unique sites (24). Using this strategy, we 

• OjTCbT^ding j^^^af^^ fiirSsMO found that tTiple-helix-taigeied psoralen damage can generate 

SKc^lfiS.^^^^^^^^^ -*«P^^^ r mediate gene kuoc^ut ^thm 

W30;&Sl: pii^^X^^ g^^s rephcatmg m monkey or human cdls (17. 31, 62, 63) 
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and wit)iin chiomo^tnal genes in mgusc \3X\d hamsier ceU&(38, 

Prompicd by tbe ability of triple-he) fat-formii?g oligomiclco- 
tides (TFOs) to mediate genome modification in tVie foim of 
mutation, wc went on to test the abUity of third-strand-targcted 
psoralen adducts to provoke homologous recombinalion at 
selected siies within cells. Using a simian virus 40 (SV40)- 
based shuttle vector carrying two noutant copies of ihe supF 
reporter gene, we demonstrated the abOity of psoralen-con^u- 
aated TFOs 10 enter cells, to find and bind to their target site, 
and to stinjulatc intramolecular recombination within an cpi- 
somal substTTite (18). Other groups h^t £>lso investigated re- 
combination stimulated by triplex-directed psonUen adducts 
(50 59) These studies have established directed psoralen ad- 
duct5 as potential tools to sensitize selected genomic sites to 
modification (7» 59), althou&h the mechanism of tins senvSitiza- 
don has not been worked out , , , * 

Based on these results, wo sought in the present work to test 
whether triple-helis fonnation itself could Stimulate hOTUOlo- 
Rous rccontbraation. Pnrvious work examining targeted mu- 
UgcDCSis bad revealed thai high-afflnlty third-strand bmding, 
alone, could induce mutations in a target gcue v/a a repair- 
dependent pathway (63)- In that work, a substantial portion of 
(he targeted mutations were dcleiions. An analysis of the de- 
letion end pointy presenied here, reveals a pattern consistent 
with a pathway of strand break induction and end joining at 
regions of microhomology, suggcstitig that triplex formation 
might be able to generate intermediate structures contaming 
strand breaks prone to homologous rccombiuatimi. Using an 
SV40^vector-based assay, we report here the induction of ho- 
mologous recombinalion in mammalian calls mediated by tri- 
nic-helSx formation even in the absence of an associated pso- 
ralen adduct or any other covalent damage. We find that flic 
thiixl-strand-stimulaied recombination is dependent on »ude- 
oddc excision repak (NER), as triplex-induced recombination 
was not detected in cells defidem in the NER damage recog- 
nition factor, XPA, but was observed In a deirivative Ime ex- 
pressing the XPA cDNA. Tn comparison, we found that the 
reoombiiTaiion induced by die psof alcn-triplex IcSions was re- 
duced only about in the absence of NER, suggestmg a 
partial but not exclusive role for NER in processing the tar- 
geted psoralen adducts into recombinagemc uitcrmedxaira. 
The induced recombination, however, was unalFected m ceUs 
deficient in mismatch repair, prompting reevaluation of our 
previous model of an extensive hetcroduplex intermediate and 
leading to a new model based on end joining. 

MATERlAtS AND MEtHODS 
Vedort, Plamrid pSupFAR *S constnicicd to oanTaiti cwo muiwni mpF tRNA 
gcDcs in IWdcra (Pig, i). The MO s/^cs diff« only at pOSfaons 115 twd lfi3. ThtS 
Secior is aimiler to pSopF2 used in previous work uf TOjmt>cis of wir groiip ^18;. 
cxl« thDi [l« pal^(iphi«ns Et potSiioiia 101 and 177 have el«n,natcd co 
rimpiify product analysfe, Tlic supF g(a« were derived from die f °« «^ 
vcciors iSupFGl (62) «Da pSP189 (42). pSupFGl camcS norclijipF gene 
mCdJfiedto C^wrc a polypurinc biflding site to Wfib-dam^ i^iiric-helnc foniia- 
Tian, The pSupFCil dcrfvanvc, pGW47, ooniamifig a C-io^ mutatioa at bp 163 
within thHwW Bcne (yiddinfi (he gene itesignared hero as ■^^'')^ ™ 
(tiscSUd vich EuA^. A muwnt variant frf the SUfiF fi^e. caiTying a G-i^A 

aynthettc l(W-tp oligpmidcoiidc frapnoni and mseftisd into Ihe fij^I-digesied 
SgW7 DNA 10 yiSd die pSupFAR Shatdc vccror eontainmp the cwo m^x^t 
V S*nfi* as dlrVci fcpeate separated by 9 bp. Tns oiientzn^af ^iojed 
IrLiSn vvas confirmed by T>NA seqnendug- IHc v©«or also cofrtams fte SV40 

tniSLe e«ne and replicalion origin from pBR327. as dcacnbcd prcvi^ly (IB)- 
OliB Jtttleotldes. Unmnjus^ted and psorolen^linb^d oUgoaudeobdc were 
svi»ih«i»d Iv die Keck FadUty nt Yale UDivdrstcy, by Jtsndard phosphoraimdiK 
TS ^^i^^^!^ Gtcn Research (Sterling -V3.). All 
comained phosphodlcttcr bat^booes and ^-cre wnthesizcd to oontHm a 3 pro- 



pyU.mhiD siouy to minimi;^;; s«soep*Jbilily Ko defirsdationl^S' cnjoiidcasei (26), 
The ot;sn;T.flrs\vcTc purified by cither gel dcctvophoiftwii orhisb-presoirc Uquid 
cfcomaiosrapby. follow^'cd by Cfrntricoa-3 fillralion in disUUeO wicx CAmicon, 
PevcTly, Mr^.)- psOTJilen wm incorpo.^tcd into the oligomirfeodde -synilic- 
Eis as ii psoralsu pbojpbDramitlitt:, rcsnhing in hq oliSCinCidftotide Knkcd ai Us 5' 
end vit a two-CJLTbOR linicr arm to 4^bydr07vniciliyM,5*3'Wfficlliylp«rolcfl. 
The oligonuckoddw used In Oils study vverc pso-AOSO (5* psorfcO^GGAAG 
GGOGGGGTCGTGGGGGAGGCjOGAG-S'). AG3D (same M pso-AG30 but 
without 5* psoralen), pso-SCRSO (5' psoralCrt-OGACCACTrGGAGGGGAGT 
CtAGOOOOCK5GOG-3'), a^d SCR30 (same as p$0^'hCR30 but wOant 5' pH>- 

Cella. Mon):cy COS*? cells were oblJlirtcd frnm tht Americon Typft CuJnire 
Colitcuon (1651-CRL>. TransfCTmcd XPA fibW)blnj>is from p^tienl XP20S ^d 
Ihis XP20S cclla traiisfecied with a vector txprcwng XTA cDNa 
pCF20S(pCAHl9WS)3 verc obltui^d from K. Knctncr (34), XPF and X(*G 
libioWasts (franl paiimts With jtcrodcrma pigmcntcenua, gro»lp> F iMftI G) wcrt 
Obtained from die National Institute Of GenerBl Medical Sdeoce Hnman Oc- 
nedc Mutant Cell Repariloiy (Camden, KJ.), wpositosy no. GM0B437 smd 
GM03021B, re3p»«ively. The XPF cells Twert obtained tiS an SV40-lnirtlfonncd 
fibroblaat lines the XPO celU arc a primtwy fihnAlnsl culture obtamed at paasage 
10. The human colon cancer oeU line, HCril6. deflcicnl in Ihe DNA miimaich 
repair (MMR) factor MLHl, along vrith a svblinc coartcted by'»halt<hrftnM>- 
somc tran*f(fr lo restore MMR functirta (HCTIKU-A. OOTTccted chromo- 
florae 3) and a conliol subline (HCTl J6ar3,^lti cbfomosome 3). were obtained 
&0n> T. Kunkel (28). Asiraibir sei of MSII2^eficienc and correaed ceJ) Imcs 
HC (EdSH2 deficient), HC.2-4 (oarrected with chromosome 2), «id HC7-2 
(ooattol with diromc&omc 7), wisro ahm obtained from T. Kiirtkd {55). Th9 celU 
we« grown growth media (Dulbecco's tnodified Engle'i mcdmm (Ufa Tccb- 
nologicii> GailhcisburB. Md.1, JOSS fctol calf sennn [life Technologies], and 1% 
peDlcinin-1<36 streptoniydn (Sigma, St. Uuis, Mo.)] al iTQ in a httni.dified 
iiicubaior in the presence <il5% COz. 

Intr«cellalar IniTJEetlug nnd rvcOttiblQatiDn ii**ay. Tn the e«o of the COS <ai»l4, 
SUhconfluenl C«nj were detached by lryp5inSzaiion snd washed Oirea wnes in 
growth meJJum. The c^slls were ictuipijndcd at u <lonuiy of MP cella/nJ. wid 
pSupFAR pUamid DNA was added at a ooifceniraTioD of 3 hig mf DNA/lO* cellfi. 
The ccJl-DNA mixture was then incubated on tec for 10 min. Tramfcciion of the 
cells was carried out by elyciroporaUon WlllX a geae puJsor (Bio-Rjidi Hcrcadc*. 
Callt) 01 n fcrting o£ 25 |iF/250 W/250 V in 0.4-0)^ gap cransftction covcttes 
(Ko-Rad). After lO min of incubauon at roam lamperaiurc, cell* were washed 
twcfi in groiVth rticdnnn to wnnvc cxns&s extraocUular plasniid DKA and rc- 
platcd in culture in erowth media into lOO-mm-diaraeter diabef . A(tar 2^ K cefls 
were irmfcctcd with sdcclcd oJix^'iudeoddc* by clectroporation aLa (ittnccn- 
irtxion of 2 liM iu the ceH suspension, decayed abo^w, and UVA irradiation, 
if indicated, was adminiKicrcd 2 h itxWe. In the calfC Of human cell lines (XPA» 
XPA corrected, XPF, and XTG), the Bhuttlc vector DNA wtt iranUcaMl hy 
using Upofeciamine (Life Tcdinologie*), with a ntfio of 3 |ig of plawaid DKA 
to 30 *a of Lipor(?ctomine, premixed with 600 iaI of Dnlbeoco'* modified Eftglc'i 
medhan, and WM added lo ttUs Trilh lA ml of medium in 60-mm-diamcicr 
diHhcfi, 0$ dircacd by iba manufaaoter. After Z4 b, ihc oUgOnadootides weytt 
transfecicd into the cclla with lipofcotamlno, widi an oUgonndcoUde-lo-hpid 
ratio of 6 (ig (O fiO in a 6Q0-M-1 vduzne. 

For aU cclJ types, 48 b after trnnsfeciion the ctfUu were horveswd for pla^nud 
DMA ijoUiion by a modified ;t^kalinc lyais procedure (62). t«l the ccjultme 
vector DNA was subjected to digestion with Dpnl (to clnni»aic any unitpJicaied 
niolcculea that bad not acquired the njamniaUan raclhylauon pattert) and used 
lo ttansforra bacteria for genetic analysis of supF gene tunCDon a.-! previoxiJJy 
described (62). Selected colonies were puiiHel and tbc pJasunids were isolaied 
for PGR or DNA sequence analysis. 

Prodnet analysis. Screening of tlift reoombinanw l^y PCR ampHflcadon of d»e 
swjucnoea oonltfining the tupF gcnc(«) in the vcctora V9t palonncd widi the 
fhUowine pfwnere: 5* OGCGACACOGaAATOTTGAA 3' (fowd) and 
TEACSCrrrCGCTAAGGATCOGG S' (reverse)- DNa scqoencing was caff«sd 
out OS described pwrriouSJy (62). The seqvencins primer waa die sainc as the 
f^i^rard ptimar used for scfKning of the rccombinartus h'sied abc»t- 

lu Yiiro triplex bikuUng, photoaddact formalion, and eoinmsftetiim shuttle 
vector ass^. In a reaction volume of 10 nJ, 3 jig (50 nM) Of die pSupFAR DNA 
was mcnbflted wiih a lOOU molai «tce» of oligonudemide (5 |xM) fcr 2 h M 
37»Cm 109& suCTOse. 20 mM MgCli, tO niM Tris (pH 8.0X and I mM apennidmc 
(ttipUi bindiuB buaar). U indicated, iiradj^tion of samples with L8 J/dJi of 
UVA was peifonncd using 3fcS-nm impi supplied by Soutfacni New England 
XnuifPiolct Co. (Bfanftyrd. Conn.). A ftjdtomctcr (InamatioPftnigbc. Ncwbwiy- 
port. Ma-ist.) wns used to measure the lamp oucptii (tyinoal UVa irradianee of 5 
10 7 mW/cm^ at 320 to 400 nm). A window gjasa filter ViSS used lo eiinwnate any 
UVB cwitammaiion duvlnj the UVA Irradintico, CmranfifertiOft of the pre- 
fbnned oligonudeolide-plasmid ONa oomplexcs into the homan lepafa'-defl- 
deci and -proficicni oeH Ui»c« was cairicd om usmg Upofcctaraine (Ufb Tech* 
nologiei). OS described above. After 48 h, shuttle vector isobtion and analysia was 
perfonncO as described above. 
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Oligonucleotides 

5' AGGAAGGGGGGGGTGGTGGGGGAGGGGGAG'NH2 3' pSO-AG30 

5' AGGAAGGGGGGGGTGGTGGGGGAGGGGGAG-NH^ 3' AG:aO 

5' GGAGGAGTGGAGG<3GAGTGAGGGGGGGGGG-NH2 3' SCR30 

3. --TTAGGAAGGGGGGGGTGGTGGGGGAGGGGGAG— 5' polypurine 

5' — AATCCTTCCCCCCCCACCACCCCCTCCCCCTC— 3' target site 




SV40 origin 



SV40 T antigen 



« m ^a^^d P^yp"f^*5^^ VSi*?! Sc !nd-SSSiSsr sue, as dunST A« a ca)^ol SCR30, contBining the same bart composition but ^ 
(AG30 wasdadBpetfto&nm ainplch^^ ooi^ugMed at their S' end to 4'-hydrOXyi«EihyM.5'.8. 

r^^oSS r4"l<™Xl?SS^^^ «»^. *»y (brmati^^ triple hclU. i«cralcn int««l«ic. 

io ihue base paiis. 



RESULTS 

Design of vector to Uet^ induced recombination. The vec- 
tor pSTipFAR was constnicied to investigate the ability of tri- 
plcx'dii'ect£d DNA damage to trigger recombination between 
tandem genes flanking the Uiird-slrand binding site (Hg. 
1). inpF encoder an funber suppressor q^sinc tRNA whose 
function can be screened by a colorinietric assay in hosl bac- 
teria carrying a lacZ nonsense mutation. To facilitate the de- 
tection of recombinants via a phcnoiypio screen, the upstream 
supFI gene in the vector carried a Oto^G mutation at bp 163, 
whereas the downstream supF2 gene was engineered to con- 
tain a G-to-A mutation at posiuon 115. Both of these changes 
dfenipt supF activity. Hence, recombination between supFI 
and supF2 has the potential to reconstruct a fully functional 
SitpF gene, wliich can bo identified by the resulting blue colo- 
nics on indicator piatcs. (This vector differs slightly from the 
pSopF2 vector u«ed in our previous study of psoralen-triplcx- 
induced recombination (18) m diat the sequence difFereuces 
between the two supF genes at positions 1 01 and 177 have been 
eliminated, a situation which in the previous work reduced the 
yield of detectable wild-type recombbianls). 

The 30-bp polypurine-polypyrimidinc site in the vector at 
the 3' end olsupFl is a good target for triplex formation by the 



G-rich oligonucleotide, AG30 (Fig. 1), This oligomer was 
shown to bind to the target sequence with high affinity (equi- 
libriura dissociation constant [Kj], 10 ^ M) (63). In some of 
the experiments reported here, a dtjrivaihre of this TFO was 
used; the dcrivanvc was synthesized to contain a psoralen 
conjugate at its 5' end, yielding pso-AG30, such that the third- 
strand bindhsg positions the tethered psoralen for intercalation 
and adduct formation at bp 1 66 to 167 of the siq^F) gene (Fig, 
1), The binding of ihe modified pso-AG30 10 this site was 
determined to have a of 3 X 10 M (62). The Ic^rcl of 
binding by AG30 and pso-AG30 was previously found to be 
sufficient for intracellular triplex formation and targeted mu- 
lagenefiis in a shulde vector carrying ihesupFOJ gene (62, 63)- 
As a control, a scrambled sequence oHgonudeotidc, SCR30, 
was used. It is a G-rich 30-mer and has the same base compo- 
^tion as AG30, but it has 14 mismatches in the third-strand 
binding code relative to the polypurine site in the pSupFAR 
vector, whereas AG30 has only two mismatches. No bmddng of 
SCR30 to the siipf target site is detectable in gel mobility shift 
assays up to a concentration of 10 * M. 

Trii^ex-mduced rccombinatioio in COS cells. To test the 
possibility that inttrmolecular triple-helix formarion, by itself, 
might promote recombination, we examined the activity of 
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Oligonucleotide 



None 
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SCR30 Wi 17/27.646 



AG30 




UVA 



PSO-AG30 4. UVA 



164/44,800 



0/2,504 




50/3,400 



0.2 



0,4 0.6 0.8 1 1.2 1.4 

Recombination frequency (%) 



1.6 



Oud«. After 48 h, Shunlcvrctpt ^^^A «o^^^^^ I^^j^^j^^^ rcocmbmario* frequency. Or»c 

care of pSO^G30 plus UVA. ihe irraditiUon was adnliniit^ 



AG30 in the jjSupFAR recombination assay. COS ccUa wei'e 
traiisfccted Tvith pSupFAR and subsequently u-ansfcctcd with 
either AG30, pso-AG30, or, as a sequence coatrol, SCR30. In 
the case of pso-AG30, 2 h after odgouudcotide transfection, 
ihe cells were irradiated with long wavelength UVA light (365 
nra) to activate the tethered psoralen for photoadduci forma- 
tion. The treated cells were marotained in culture for 48 h 
before rescue of the vecior DNA for analysifl. 

Recombinant coloTues were identified by their nonparental 
blue phenotype among the parenial white ones, the colonies 
were counted, and the recombination frequency was deier- 
iriined (Fig. 2). Cells noi exposed to any oligonucleotide 
Yielded a badcgfouud frequency of 0-08% blues. When cefls 
were treated with pso-AG30 followed by UVA, Mve colonies 
were gencraied at a frequency of 1.5%, consistent with 
previtms work of members of our group (18). When AG30, 
laclcing any psoralen conjugate, was used, recombinants were 
generated at a frequency of 037%, fivefold above background. 
SCR30 yielded only background levds of recombinants 
(006%). Hence, iriplex formation, itself, is able to provoke 
recombination, al a level in this assay aboxit 25% of that m- 
duced by targeted psoralen- triplex lesions. 

Analysis of uonparental products. To ascertain the nature of 
the oligomer-induced cvems, wc used PCR analysis to deter- 
mine the supF gene copy number it) the uonparcntal plasnuds. 
Plasmid DNA from selected bltie colonies, along with DNA 
from parental white ones for coropaiison, was amplified witii 
primers flanking the tandem supF genes in pSupFAR. Analysis 
of the bhie colonies produced by both AG30 aod pso-AG^O 
revealed that all =^ 22 and 12, respectively) were recombi- 
nants in vtbich only a single, wild-type supF gene was presait 
(data not shown; this interpretation was confirmed by DNA 
scqiienchig of 10 randomly selected recombinant vectors), 



whereas the wliitc colonics contained the parental pUsmid 
tvith two supF genes- Hence, all the blue recombinants tested 
appear to have arisen from nonconservative evettis involving 
the loss of sequences in which a funcdonal jupF gene ivas 
gencraied- 

Repair dependence of tllplex-hiduccd recomtination. To 
address the meclianism by which an intermoiccular triple helix 
could promote recorabinarion, we carried out the shuttle vec- 
tor recombination assay in a repair-deficient human cell line 
(XP20S) derived from a patient with xeroderma pigmento- 
sum, group A (34). The XPA protein is a crlrical damage 
recognition faaor in tbe NER pathway (49), and m previous 
work of members of our group, cdls without XPA function 
were found co lack TFO-induccd mutagenesis (63). In com- 
parison, an otherwise isogenic subclone corrected to normal 
NER function by cransfection with a vector expressing the 
wild-type XPA cDNA was used (34). In these eacperimentSi the 
ccUs were transfected with pSupFAR on day 1 and with the 
oligomeTS on day 2, with cationic lipids being used both days. 
(The trauifecdon protocol differed from that used for COS 
cells because of the poor survival of the XPA cells after ele> 
iroporation). The oligonucleotides tested were AG30, pso- 
AG30, and SCR30. However, UVA irradiation was not per- 
foimedj so in this experiment the comparison between AG30 
and PSO-AG30 reflects the possible ef ect of the psoralen con- 
jugate only as an intercaJator, not as a covalent adduci or 
inieistrand cross-link. , 

The data (Fig- 3) reveal that AG30 and pso-AG30 (without 
UVA and hence without cross-linking) were effective in sthn- 
M iflHng recombination in pSupFAR, both at frequencies of 
0.14%, but only in the XPA cells thai had been corrected to 
normal or near normal NER activity by expression of the XPA 
cDN A. In the mutant XPA cell line, no TFO-induced recom- 
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62/43.000 
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X^JfiSy ^ »^ .ImtUc'^or PNA ^ xtcovcrcd end .<«ayzcd as da^ed for F^g. 2. 



binfllionwHS detected above the background (0-03%), Hence, 
the results show that the abQiiy of an intennolecular triple 
heik to stimulate recombination requires an intact NER jxith- 
way, presumably to generate a recombmageolc intermediate. 
Intcrestinsly, pso-AG30 without UVA (no ccvalcnt adducts) 
wds not more effective than AG30, suggesting thai the poten- 
tial mlcrcalation ai the duplex-Uiplex junction by psoralen 
does nol have a major mfluence on this process, and that the 
primaiv lesion that induces recombination is the triple belix 
fiself. As in the COS cell experiments, all the analysed blue 
colonies produced by AG30 were single gene recombinants 
(fi = 14 V 

Note thai the TFO-mduced recombinalion frequencies in 
the XPA-correctcd cells are slightly lower than that seen with 
AG30 in the COS celU (Pig, 2). TOs difference could have 
several ex^anationis, as follows: (i) t>»e NER correction may be 
incon>plete; (ii) the COS cells have a more robust recombina- 
tion activity; or (iii) the transfection of the TFOs faito die COS 
cells was more cffecUve. None of these would uivalidate ihe 
basic observalions and conchisions. 

ParlJyl NER dependence of psoralen-triirfeic-mduced rerom- 
bination. For comparison, wc examined the role of the NER 
pathway in the recomhination induced by psoralen-tnplex le- 
mons. In these experiments, the triple helices were formed in 
viiro on the vector DN A and the complexes were UVA irtar 



dialed to generate covalent psoralen adducis prior to Iransfeo- 
tion into the cells. This protocol was carried out to avoid any 
potential confounding variability in cellular oligonucleotide 
uptake and intracellular triplex formation that might arise be- 
cause two unrelated , nonisogenic cell lines were faiduded in the 
comparison. In this way, all the cell lines were challenged with 
a cnifonn DNA substrate. Also, this protocol avoids any pos- 
sible toxicity to the repair-deficient cells from the UVA 

In prior studies (20, 61, 62). we demonstrated that under the 
conditions used here, the TFO-tethcred psoralen covalemly 
reacts with botii strands of the duplex (via photoaddition at 
boili the pyronc and furan rings to Ts in opposite strands) to 
generate mterstrand cross-linSs- In this structure, all three 
strands of the iriplcx are covalently linked via the psoralen. 
The TFO is connected through the linker am) attached to the 
5' end of the TFO and to the 4'-hydTtMiymetltyl group of the 
psoralen. The duplex strands are linked via cyclobucane bonds 
between thymidines and the pyrone and furan ring? of the 
psoialcxL 

The pi^fotraed pSnpFAR-triplex-psoralen adduci com- 
plexes were transfected into a series of repair-deficient and 
-proficient cells, including not only the XPA ccUs and tbasc of 
their corrected subclone, but also those of cell lines derived 
from xeroderma pigmentosum patients in complementation 
groups F and G. (The XPA and XPF cell lines were SV40 
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tiansformed; the XPG cells were a priinary fibrobU^t culrare at 
passage 10.) XPF and XPG proteins play cciviral roles in the 
indouudcase incision steps in NER, at positions 5 and 3 to 
the lesion, respectively (49)- The data (JPib- 4) show that the 
covalent psoralen-triplex lesions stimulate recombinanon to a 
substantial degree even in the three NER-defldcnt cell ^es, 
XPA (2,0^^), XPF (1.5%), and XPG (1.6%). However a 
hitther overall frequency of ind\jced rcoombinaaon T<^as ob- 
served in the corrected XPA cells (3,7%). These results sugg^t 
that some but rot all of the recombinaiion mduced by the 
psoralen-triplcx cornpound lesion depends on NER. ™s 
elusion is consisient v^ith tlic eraerging concept that non-NER 
oathways exist in cells That can metabolize psoralen eross-UuKs. 
Furthermore, the observation that, as in the COS cells ^g. 2), 
the covaient psoialen-triplex lesions (Fig. 4) arc more cllecusrt: 
than the ixiplex alone (Fig. 3) itt stimulating rewmbmadon is 
also in kecpmg with the possibility that the psoralen cross-lrnks 
are subject to metaboUsm by repair pathways m addition to 

^^Triplex-induced reconibinaUon is mismatch repair Xwdepen- 
dcut To further cxiend our mechanislic underetandiufi of the 
TFO-induced reoombination, we tested the abAjty of pso- 
AG30 plus UVA to pmmote recombination m cells deficient m 
DNA MMR Two human canccr-dcrived cell lines, HCT116 
and HQ defective in MIHI and MSH2, rcspectivdy were 
tested in comparison to subclones corrected to MMR proh- 
dency by chromosome transfer, along v'ith control subhnes 
carrymg noncorrecling i:hioroosomes (28, 55). No differences 
in the yields of recombinatits were detected whether or not the 
cells were MMR proficient or deficient (F»& 5). (A 
was seen berweeo the level of recombination m the HCTUG- 
derived cells versus the HC cells. However, these differem^s 
do not coirelale wilh MMR capacity. They may reflect differ- 



ences in other, as yer unidentified repair or recombination 
factors, but this remains to be determined.) In these cxpen- 
ments, analysis of the induced blue colonies revealed single 
gene recombinants regardless of whether they were produced 
in MMR mutant or wild-type oejls (data not shown). 

These results call into question a previous modd mvokmg a 
heterodupJex intermediate that is resolved by mismatch repair 
(18). The possibility remains that such an intermediate is, in 
fact, formed but is resolved by a mismatch repair pathway that 
is MSH2 and MLH3 independent However, another possibil- 
hy is that the iriplexes promote recombination via a pathway in 
which strand breaks arc produced (cither by NER io the case 
of the triplexes alone ov NER plus some other repair activicy m 
the case of the psoralen-triplex lesion), and that these strand 
breala lead to end-joining events at regions of micriohomology. 

Triplex-mdnced deletion mutations. If such a padiway of 
strand break inroduction and end joining ts provoked by iriplex 
formation, wc reasoned thai the triplex-induced deJetions 
found in our previous work (62, 63) might also provide evi- 
dence consistent with an end-joining mechanism. In our pre- 
vious COS ccU es^e^-iments, such deleUons typically consti- 
luted about 15 lo 25% of the observed mutations, yielding 
deleCioo frequencies in the range of 0.1 to 0 J% (for triplex 
alone and for covaient psoralen-iriplcxes, respoctiveJy). values 
whicll are comparable to the frequencies of induced recombi- 
nants seen in the work reported here (compare die COS cell 
data in Fig. 2). In Fig. 6, an analysis of randomly seleOcd 
deletion mutations generated by psoralen-triplexes (Fig, OA) 
and by intermolecuUr triple helices alone (Fig. 6B) is shown. 
In both data sets, most of the deledon end points appear to 
have been joined at sites of 3 to 4 bp of homology, in keepmg 
with an end-joining model. However, unlike die mpF recom- 
binants m the experiments described above, the joinU in the 
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induced by teiplex-dirccttd JKW^cn adductsin humw D^tA hlMRH3cfidciit and -pTflfic^ ^*^^'^^?f?i*?^°^'^/SJSJf^l^ 
«ii 1 fi ^fpfictftni in the MMR fiHOr MLHL alOM wiih A fiublin© conccted by who8&<*roinoEomft [cbf.] transfer to nSStOr* MMR niMdon (HCTllP-*^, 

HC^cLwKS^^ 2), and HC7-2 (control ^'ith Gbromwom^ 7) were ^ compel- -m^i pSopFAR vector U^A WM -ncubati^d m rfw w-A 

as indicated. After 48 h, sbutUe veaor DNA wm ^coovered and analyzed Ibr recombination as described for Fig. 2, 



ddetioDS othftrwise occur within suiroundinB regions of non- 
homology. Also, there is one example in each sec that has no 
bomolngy around the deletion. These products are consi^tcnc 
with previous analyses of joints macle in manuDalian cdl.s with 
ends produced intedtionalty by rescrlctiDn enzymes (46). 

DISCUSSION 

The work presented here demonstrates that iniermolecular 
triple-helix formation can provoke a pathway of DNA metab- 
olism that can lead to recombination. Cells pretransfecced with 
an SV40-ba3ed shuttle vector carrying two mutant copies of the 
supF gene Were subsequently tiansfected with specific TFOs, 
and it was found that such oligomers could provoke recombi- 
nation within the vector in a sequcucc-dcpendent manner. The 
reaction was sequence specific, because only the AG30 or 
PSO-AG30 oligonucleotides* which bind with high alfinity to the 
target site, were found to generate recombinant products in the 
cells. Tbc scrambled sequence oligomer, SCR30, was not active 

in the assay- 
Experiments wid) NER-dcflclent cells lackmg XPA function 
and with a corrected, otherwise isogenic subline reveal thai 
NER is required for production of the recombinants by the 
triple helices. This finding is ccnsi-stent with our previous ob- 
scivation that high-affinicy third-sfcrand binding can stinmlatc 
DNA repair activity in human cell extracts and can induce 
mutations in a target gene in human cdls in an NER-depen- 
deut manner (63). The combined results provide strong sup- 



port for the hypothesis that the formauon of an intermolccular 
triple helix by an oligonucleotide is recognized by the NER 
pathway as a form of DNA damage, putting triplexes in a 
broad category of NER-processed lesions with pyrimiditte 
dimers and bulky adducts such as those from acecyi-aramoflu- 
orene and benzolffjpyrcne. It is likely that further studies wUl 
reveal common smictural features shared among (ilplcxes and 
the other types of DNA damage that promote NER recogni- 
tion- Furthermore, by ciilension from ihcse results, it is ex- 
pected that othet classes of noncovalent DNA binding ligands, 
such as polyamidcs (65) and peptide nucleic ucids (15, 16), may 
create alterations of DNA structure that will be recognized ard 
metabolized by NER. As a result^ TFOs, polyamides, peptide 
nucleic acids, and similar ligands may prove to be useful re- 
agents in strategies aimed at harnessing the cell's repair mcch- 
anisms to promote genome modification. However, the partic- 
ular properties of these various ligands in this regard remain to 
be determined. 

The necessity for NER in the triplex-induced recombination 
also supports oiur previous study of gene correction with TFOs 
oovaJeody Ibikcd to short "donor" fragments of DNA (8). Tn 
ihat work, the site-specific binding of the TFO domain of d^e 
hybrid molecule was designed to enhance the homolO^ search 
xmd thereby accelerate recombinadon or gene conversion. The 
results reported here further support the nodon that the TFO 
domain can also promote recombinatfon of the donor frag- 
ment with the target site by recruiting the NER apparatus lo 
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A 

GTT GGA [ATC. . .CCC GGA] TCC TT 

G GA ATT [CGG. . .GAA^ATT] CGG TA 

ATT CGG [AGA^ . .ACC CGG) TAC CG 

AAT TCG rAGA. ■ > AAT TCG ] GTA CC 

CTG e gg [TCA. . .TTA GCG] AAA GC 

GTT GGA [ATC-,-CCC GGA ] TCC TT 

AAT TCG [AGA...TAC CCG] GTA CC 

GAA AGC [ATT... CCA CCA] CCA CG 

B 

AGG GAA [TTC- . -CCC GAAl AGC TA 

CCC TGC ITCC.GCC AAA] GGC AG 

O CT CGA [GCT. , .CTT^CGA] AGG TT 

C AT CGA [CTT. . .G TT CGA ] ATC CT 

GAA TCC [TTC. -CCC TCC] CCC TC 

GAA TTC [GAG, . -TCC TTC] CCC CC 

G AC TTC [GAA- . .TC C TTC ] CCC CC 

FIG- 6. ScquenCft analysis of deJ*Uon mutationt g^iiwatctl in the supF pne 
in COS ccUs bj criptcx-assodnlcd psoralen adduCte (A) and by triple helix 
formaiion alone (B). The deleted ^equfinoea are indiowd wiihin the btadsMS. 
Underlined inideOlidM indicate atitldbes of microboraologjr at the ddchQa end 
points. 



the target tp crcaie strand breaks and rccombinagenic inter- 
raediate?. 

The role of ibe NER patliway in recombioation stimulated 
by triplex-directed psoralen cross-links was also cxammed. In 
the case of the triplex-psoralcn lesion, however, there was only 
a partial requirement for NER, About 40 to 50% of the in- 
duced recombination was found to be independent of NER 
function. This observation is in keeping with a siudy by Hall 
and Scherer (21) in whlcli reactivation of psoralen and UVA- 
(reaied herpes simplex viras was scca in XPA-defidcnt cells 
when the cells were infected at high multtplid^, suggestuag 
that a lecombinalional repair pathway was still active in these 
cells even in the absence of XPA fuDcooTU This observation is 
also consutent with recent studies providing farther evidence 
for noD-NER repair of psoraleu cross-links In mammalian 
cells, li ct al. found that psoralen cross-links but not monoad- 
ducts in one plasmid can stimulate repair synthesis in a second, 
undamaged plaanid in a human whole-cell extiaci (35). This 
activity was found 10 be separate from NER, as it was observed 
in extracts or several NER-deficient cdl lioes (XPA-, XPC-, 
and XPG-deficicnt cells). 

Interestingly, the activity observed fcy U ct al. (35), whUo 
present in esctracts from XPA cells, was absent from XPF ccU 
ejdracls. This finding firs with earlier observations of an ex- 
treme hyper^ensitiviiy of XPF (ERCC4) mutant CHO cells to 
cross^linking agents (4, 25). Evidence suggests that, of the 
IcuOTrn NER factors, the XPF-ERCCl heterodimer complex 
appears to have a special role m cross-link repair (4). Yet, our 
results suggest that even in XPF-delident cells, pso-TFO-me- 
dialcd cross-links can promote recombination, raisirug the ad- 
ditional possibiUiy that cither (L) another factor or set of fac- 
tors may act on pso-TFO lesions in a recombinational repahr 
pathway or (ii) the ability of pso-TFO-dirccied cross-links to 
block replication (rather than provoke repair) may play a role 
in samulatiog recombination. ^ ^ 

In other work looking more directly at c^oss-link repair m 



virro, Reiurdon et al- showed that psorolen moiioaddccfc; arid 
cross-links can be removed from a DNA sub;;[rate w human 
cell extracts (45), However, Bessbo ct al. (2) reported that 
purified NER factors reconstituted in vitro that can otherwise 
carry out excision repair of pyrimidine dimers cannot excise 
psoralen cross-links- In fact, they observed the production of 
dual incisions on one sirand ou tlie same side of the lesion 
rather than the expected flanking incisions (2). rcprcscniing 
essentially a situation of incomplete rcpan-. While such a 
strand break product may oonstimie an mtcrmediate poten- 
tially prone to recombinaiional repair, this observation sug- 
gests that the known NER factors are insufficient for M pso- 
ralen cross-link repair in mammalian cells, tnterestmgly. (he 
siti^atJOn in Escherichia cdi appears to be different, as NER 
factors dp make dual incisions flanldng the psoralen cross-link 
and are required fox mediating cross-Jink repair, in a model 
elaborated by the work of C^le (11), Sladck et aL (53), and 
others (9, 56, 57). 

Such subtle but imporUnt differences in the way psoralen 
lesions are repaired may help to explain why triplex-directed 
psoralen adducts were relatively ineffecih^e at stimulating re- 
combination ia Xmopus oocytes compared with human or 
monkey cells (52). In the Xenopus system, the dual *ifpF-car- 
lying plasmid containing triplcx-psoralen adducts showed little 
recombination (52), while similar substrates coniaining restrict 
tion enzyme-induced double-Strand breaks recombined at high 
efficiency (51), 

lExpcrimcnts with MMR-deficient celts provided the unex- 
pected result that MMR activity, at least the activity dependent 
on MSir2 and MLMl, is not required for the induced recom- 
bination in the pSupFAR shuide vector. This resist calls into 
question some aspects of our previous workmg model (18), in 
whit^ we proposed that the psoi^en-triplex-liiduced recombi- 
nation takes place via a single-strand atmealing pathway (18, 
36). In such a pathway, damage-induced strand breaks in the 
substrate DNA would be followed by catonudease aaivity to 
expose xnostly homologoos single-slranded regions that can 
anneal to form heteroduplexcs. We had proposed the creation 
of an extensive hetcroduplex intermediate, requiring resolu- 
tion via MMR to generate the observed rcoorabinacion prod- 
ucts. 

The lack of an effect of MSI 12 and MLHl in our assay is 
subject 10 several interprctab'ons, as follows, (i) A heierodu- 
plex intermediate « formed but is metabolized by an MSH2- 
and MLHl -independent pathway. The formation of such hct- 
crodup)e?ce>'? in cxtrachromosoraal rcoombinadoo substrates 
carrying duplicated genes has been demonstrated (5, 13, 32. 
40), so wc cannot itHc out this possible explanation, (ii) Ttie 
iriplcXriargeied damage is metabolized througji an end-joining 
pathway In which double-strand breaks are produced, hut fol- 
lowed first by a more litniced exonuclease actn^ity and then by 
annealing of the ends at relatively short segments of homology. 
Such a pathway, diagrammed in Fig. 7, oould eliminate the 
mutations at posilions 163 and 115 and construct a functional 
ji^F gene without nccessiiating the produclion of a hetcrodu- 
plex. A similar mechanism could account for the joints formed 
m the deletion mutations shown in Fig, 5, ss these appear to 
have occurred by joining at short (3 to 4 bp) filretchcs of 
homology. In this model, however, a distinction should be 
made between the deletion and the recombination events. The 
ddelions axe proposed to arise from triplex-induced slnmd 
breaks that imdci^ illegitimate recombination and end join- 
ing at regions of microhomology within otherwise heterologous 
sequences. The recombination products, in contrast, because 
they are identiftcd by reconstruction of a functional supF gene 
from two landem copies of ihe gene, occur by end joining 
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wrr, 7 Mndfil for mtramolecular TecomWnation induced by triplwdiiMccd DNA damage. The model iUosowM a pnipofied end-joiDjog ^^^'^yl''^}}';^^^;^^ 
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within large regions of homology. NonBtheless, it is possible 
tfiat, in ihc pSupFAR recombination assay, some of the in- 
duced breaks are joiaed, Ukc the deletions, at microhoraolo- 
pies within hcicrologous regions, but tJaese prodiiCLS would not 
be detected in the screen for wild-type SupF functioiL (iii) The 
ytrand breaks are metabolized to expose singloscraaded re- 
giOTJS which are capable of strand invasion into homologous 
sites withhl another plasmid vector in the cells. Tbe resulting 
structures could serve as primers for DNA synthesis, promot- 
ing further strand displacement and leading to strand ex- 
change, crossing over and recombination. Such a mechanism of 
brcak-iuduccd replication was proposed by U et al. (35) lo 
account for the observation chat psoralen cross-links in one 
plasraid could stiranlaie repah- synthesis in a coincabated un- 
damaged plasmid in human cell extracts. Distinguifibing be- 
tween these pathways wiU require farther smdics with defined 
substrates, with the cavtat diat the episomal largct vector 



described here may be raetaboiized by a different set of path- 
ways than would a chromosomal substrate. 

Another caveat is that the cuncnt work was performed m 
die presence of SV40 T antigen. T antigen has hdicase activity 
ihai can unwind Iriplexe*. but sach activity was found lo re- 
quire a 3' singlts-siranded tail (29), which is not present in our 
triple? substrates. T antigen can also bind and inactivate p53 
and so may iafjnence DNA repair (19). However, wc have 
carried out preliminary e^erimcnis using a modified shuttle 
vector in \vhich the T-^tigcn gene was substirotcd with a 
version mutated wiihin the p53 binding domain (30). Essen- 
tially similar results were obtained in the rccombinatiofn assay 
In both p53 wild-cypc and mutant human cells (25) (data not 
shown), suggesting dbtat the p53 6iatu.<: of tbe cdls does not 
have a major influence on the pso-TFO-induced recombina- 
tion in this assay. In addition* it should be noted that the SV40 
genome is rapidly chromaiiiiized upon iransfcciion into pri- 
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xnatt: cells (6), so ihs shuttle veaor target approximaces the 
naclcosomal su'ucture of a chromgsam;il site. 

The ability of Triplc-bdix forma tion, without any other as- 
sociated DNA damage, to promote recombination reported 
here provider a novel tool with potential utility for genome 
modification. Although these experuneiits were carried out in 
a model system, with a noiinatuxally occurring target sequence, 
the results should be appiicable to any tbird strand tliat can 
bind with high afirtoity to a genomic 3itc. Recent works dem- 
onsti-atiog triplex-mediated targeted mutagenesis of chromo- 
somal lod in mammalian cells support the faasibillTy of this 
approach (38> 58). FiirUier, since a number of nucleotide an- 
alogii thai can significantly eiihanca triplex fomiation under 
physiologic conditions have recently been described (31), this 
may turn out to be a realistic strategy for genome modification 
at a variety of sites. More generally, this work raises the pos- 
sibility that other sequence-specific DNA binding ligands ca. 
pablc of triggering repair may have utility in the gcncdc ma- 
nlpultttion of martimaJIan cells. 
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